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SUMMARY 

The po ten t i a l  use of l i qu id  hydrogen as an energy source f o r  space applica- 

An extensive study of grav i ta t iona l  e f fec ts  i s  being conducted at  the  
t i o n s  r a i s e s  new questions concerning t h e  e f fec ts  of weightlessness on t h i s  
f l u id .  
Lewis Research Center with several  types of t e s t  f a c i l i t i e s  including drop tower, 
a i rplane,  b a l l i s t i c  rocket,  and orb i t ing  vehicles. 
amount of work must be done before hydrogen storage systems can be confidently 
designed f o r  weightless environments, much new information has been uncovered as 
a r e s u l t  of t hese  e f f o r t s .  
drogen w i l l  i n i t i a l l y  wet t he  w a l l s  of i t s  container and probably w i l l  not break 
'into a m a s s  of droplets .  The posi t ion of t he  l i qu id  can be influenced by capi l -  
l a r y  devices and t h e  nucleate boi l ing  heat tracsfer p o c e s s  i s  not s i g n i f i c a n t l y  
pf fec ted  by changes i n  gravity.  

Although a considerable 

When surface-tension forces  predominate, l i qu id  hy- 

The storage of l i qu id  hydrogen i n  a space system was  simulated by b a l l i s t i c  
project ion of a 9-inch-diameter vesse l  where about 5 minutes of weightlessness 
were obtained. 
i n e r t i a l  and heat- t ransfer  forces.  
a l l  t h e  vesse l  walls, heat t r ans fe r  t o  the  closed container then started t o  dry 
the  walls, which s e t  up a thermal s t r a t i f i c a t i o n  pa t t e rn  and r e su l t ed  i n  abnor- 
mally high pressure r i s e  r a t e s .  
m a l  gradients  but r e su l t ed  i n  a considerable pressure r i s e  as t h e  f l u i d  sloshed 
against  t he  hot container w a l l .  
could be removed without ser ious d i s to r t ion  of t h e  liquid-vapor in t e r f ace  but 
only with consideration given t o  flow velocity and vesse l  geometry. 
p l ica t ion  of l i q u i d  hydrogen research work on a s m a l l  scale  and f o r  short  weight- 
l e s s  times i s  d i f f i c u l t  because of the  lack of adequate scal ing understanding. 

The e f f ec t s  of weightlessness were complicated by the  addi t ion of 
Although the  l i qu id  hydrogen at  f i r s t  wetted 

Agitation of t h e  f l u i d  did not destroy t h e  the?- 

From tank outflow t e s t s  it was shown t h a t  l i qu id  

Direct ap- 

INTRODUCTION 

The study of l i qu id  hydrogen i n  zero gravity embraces a wide spectrum of 
problems, both fundamental and applied.. Successful use of t h i s  propellant for 
space f l i g h t  w i l l  necess i ta te  suf f ic ien t  experimentation and ana lys i s  t o  solve 
these unknowns, or at  l e a s t  t o  learn  enoughto permit designers t o  circumrent 
them. For i l l u s t r a t i v e  pwposes, consider such t y p i c a l  fundamental a reas  f o r  in-  

* T i t l e ,  Unclassified. 
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vest igat ion:  heat-transfer c eve ls  ; bubble mechanics, 
t h e i r  motion and coagulation; l i q u i d  disposi t ion,  including locat ion and cont ro l  
of the ul lage space; f l u i d  dynamics; damping r a t e s ;  and s loshing characterist ic&.-.  
I n  the applied area there  is t h e  simultaneous ac t ion  of many fundmental  phenom- 
ena; but i n  addition, complex s i tua t ions  such as l i q u i d  posi t ioning i n  zero 
gravi ty  with heat addition and propel lant  outflow must be examined; o r  heat ais- 
persion i n  a storage vesse l  where bo i l ing  is taking place at  t h e  wall, stratifi- 
ca t ion  within t h e  f l u i d ,  vapor movement toward the  l iquid-gas in te r face  and, fi- 
nal ly ,  condensation. 

The i n t r i n s i c  nature of l i q u i d  hydrogen makes it a d i f f i c u l t  f l u i d  t o  study 
even though Lewis has a range of experience i n  t h i s  area dat ing back severa l  
years t o  t h e  hydrogen propelled a i r c r a f t  experiments ( r e f s .  1 t o  3). 
t h e  t a s k  of exploring t h e  zero-gravity e f f e c t s  on the  f l u i d  is espec ia l ly  complex 
because of t h e  problem of simulating t h e  weightless environment. 
gravi ta t ion on f l u i d s  have been theorized by many s c i e n t i s t s  such as Gauss, 
Duprg, and Rayleigh dat ing back over a century ( r e f s .  4 t o  6 ) .  Only recent ly  
have advances i n  high-speed photography, instrumentation, and t e s t  techniques 
permitted t h e  observation of f l u i d s  i n  a weightless condition; t h a t  i s ,  a 1- 
second period of weightlessness is simulated by dropping an experiment from a 
height of 1 6  f e e t .  
f a l l  t o  include airplane,  b a l l i s t i c  rocket,  and o r b i t a l  f l i g h t  t e s t  techniques 
with an accompanying increase i n  zero-gravity test  time from seconds t o  hours. 
general  perspective of the  zero-gravity problems with respect  t o  space power- 
p lan ts  together with a l i t e r a t u r e  survey may be found i n  reference 7. 

However, 

The e f f e c t s  of 

Experhenta l  f a c i l i t i e s  have broadened from t h e  l i n e a r  f r e e  1 
A 

I I’ 

Early zero-gravity work at  LeXis included photographic s tud ies  of bo i l ing  
and capi l la ry  cha rac t e r i s t i c s  of a wetting f l u i d  i n  a 9-foot f r e e - f a l l  f a c i l i t y  
( r e f s .  8 t o  lo), and boi l ing  of l i qu id  hydrogen f o r  a 3/4-second weightless pe- 
r i o d  i n  an open vesse l  ( r e f .  11). More recent ly ,  t he  completion of a 2.3-second 
drop tower, t h e  launching of b a l l i s t i c  rocket experiments, and t h e  f i t t i n g  out of 
an airplane zero-gravity f a c i l i t y  signaled the  beginnings of a broader a t t ack  on 
the  problems of weightlessness. With the  he lp  of these t o o l s  it has been possi- 
b l e  t o  invest igate ,  f o r  example, t h e  e f f e c t  of contact angle, ves se l  shape, and 
f i l l i n g  on l i q u i d  pos i t ion  cont ro l  i n  a weightless environment ( r e f .  1 2 ) ;  t h e  e f -  
fectiveness of c a p i l l a r y  control  devices on l iqu id  configuration with i n e r t i a l  
and heat- t ransfer  forces  present ( r e f s .  13 and 14);  f l u i d .  outflow from a closed 
vessel; the dynamics of capi l la ry  pumping ( r e f s .  14  and 15); and space storage 
of l i q u i d  hydrogen during 5 minutes of weightlessness with heat t r a n s f e r  ( r e f s .  
13 and 16) .  These and several  other  a reas  a r e  being explored with the  ult imate 
objective t o  be able t o  s tore  and handle cryogenic f l u i d s  i n  a space environment. 

Several incremental papers, xhich are indicated i n  t h e  text and references,  
have been published concerning some of t h i s  work. Other publ icat ions that repor t  
!-ndividual s tud ies  are i n  process and many e f f o r t s  are now i n  t h e  performance and 
planning stages. The in t en t  of t h e  present  work is t o  c o l l e c t  important aspects 
of much of the  weightless experimentation, but pr imari ly  t o  ind ica te  t h e  i n t e r -  
play between t h e  many f ace t s  of t h i s  complex f ie ld .  Because the general  under- 
standing of weightlessness is st i l l  i n  an embryonic s tage,  it must be pointed out 
t h a t  some be l ie fs  held valid today may subsequently be changed and that more 
c r i t i c a l  problems may turn up than those envisioned i n  our present framework of 
knowledge. 
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A motion-picture fi lm suppleme 2 3  has been prepared and is  available on 

loan. A request card and a descr ipt ion of t he  f i l m  &e given i n  t h e  back of t he  
.k&pcji*t. 

TEST FACILITIES 

As delineated i n  reference 7, there  a re  generally three  methods of observing 
f l u i d s  i n  a weightless environment, namely, i n  "drop" tower or  l i n e a r  f r ee  fa l l ,  
parabolic a i rplane t r a j ec to ry ,  and rocket propelled b a l l i s t i c  f l i g h t  path. De- 
sc r ip t ion  of such f a c i l i t i e s  can be found i n  references 12 ,  16, and 1 7 .  The time 
periods covered by these zero-gravity t e s t  techniques are  i n  the  2-, lo-, and 
300-second time regimes, a t  l e a s t  f o r  the  experimentation described i n  the  pres- 
en t  paper. Aside from the  obvious separation of t e s t  times, there  are de f in i t e  
advantages and disadvantages t h a t  are  associated with each of t he  zero-gravity 
f a c i l i t y  types. These a l s o  are  demonstrated i n  reference 7. Simply s ta ted,  
zero-pavi ty  s tudies  i n  the  drop tower can be conducted quickly and a t  a very 
low-gravity level ,  although the short  t e s t  time l i m i t s  both the  s ize  and complex- 
i t y  of the  experimentation. Use of the airplane maneuver f o r  zero-gravity work 
affords  an increase i n  t e s t  time, but the d i f f i c u l t y  of control l ing t h e  airplane 
makes t e s t i n g  considerably slower, l e s s  reproducible, and more expensive than i n  
the  drop tower. Only i n  the b a l l i s t i c  or orb i t a l  t e s t  technique can r e l a t ive ly  
long time zero-gravity experimentation be conducted; however, problems such as  
data  t e l e x e t q  and vehicle recovery r e su l t  i n  t e s t  costs  several  orders of mag- 
nitude above t h a t  f o r  e i t h e r  t he  drop tower or airplane f a c i l i t i e s .  Zero- 
,gravity t e s t  r e s u l t s  from a l l  three f a c i l i t y  types have been drawn upon f o r  the  
present study. Suff ic ient  duplication of experimentation has been conducted t o  
assure tha t ,  where applicable, va l id  and interchangeable r e s u l t s  from a l l  th ree  
f a c i l i t y  types can be obtained. 

RESULTS AM) DISCUSSION 

The considerable number of problems involved i n  t h e  design of a cryogenic 
l i qu id  system subjected t o  prolonged periods of weightlessness requires  a many- 
sided approach. Effects  of c a p i l l a r i t y  t h a t  are normally dismissed as negl igible  
i n  a normal grav i ty  environment become s igni f icant  with decreasing "g" level and 
increasing system s ize .  

Work conducted a t  Lewis has been aimed a t  obtaining a basic  working knowl- 
edge of t he  behavior of l iqu ids  when capi l lary forces are made t o  preva i l  under 
laboratory control led conditions. The synthesis of simplified problems in to  com- 
plex engineering appl icat ion i s  sought with the  in ten t  of obtaining a c learer  in- 
s igh t  i n to  t h e  observed behavior of a typica l  cryogenic l i qu id  system i n  space. 

Furdmental  Studies 

Fluid configuration. - A basic  question involved i n  t h e  storage of l i qu id  
hydrogen i n  a zero-gravity environment i s  the d ispos i t ion  of l i qu id  and vapor 
masses with respect t o  the  tank. Estimation o f -hea t  t r ans fe r  rates, .effect ive 
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l i qu id  t o  vapor i n t e r f a c i a l  tension O Z / v  

vehicle moment of i n e r t i a  a t  impending or ientat ion maneuver, and propel lant  pump- 
ing without vapor pullthrough are Some of t h e  considerations predicated on t h e  
knowledge of where the  l i qu id  e x i s t s  at  any given time. If  a l l  i n e r t i a l  forces'. 
and energy inputs a r e  negl igible ,  a t o t a l l y  wetting f l u i d  w i l l  tend t o  spread 
over the  container walls and a t o t a l l y  nonwetting f l u i d  will tend t o  wet t h e  
smallest area,  t h a t  i s ,  form a sphere e i the r  tangent t o  the  container or f loa t ing  
therein.  
contact angle and t h e  probable f l u i d  configuration. 
t a l l y  nonwetting conditions a r e  indicated by contact angles of 0' and 180°, re -  
spectively,  with 90° being a neut ra l  condition. An ana ly t i ca l  development of 
f l u i d  behavior embracing t h e  concept of free surface energy i n  terms of t h e  cap- 
i l l a r y  area and t h e  cha rac t e r i s t i c  contact angle is given i n  reference 18. A 
modified derivation leading t o  t h e  same basic r e s u l t  i s  a l s o  given i n  appendix A: 

The schematic representat ion i n  f igure  1 shows t h e  r e l a t i o n  between 
The t o t a l l y  wetting and t o -  

~ 

where I 

E system free surface energy 

e charac te r i s t ic  contact angle 

l iqu id  t o  s o l i d  i n t e r f a c i a l  area AZ / s  

This equation cons t i tu tes  t h e  basis from which many of t h e  observed phenomena can 
be interpreted.  An equally important concept i s  t h a t  of minimum po ten t i a l  en- 
ergy, which says that t h e  most s t ab le  equilibrium s t a t e  of an i so la ted  system of 
f ixed mass i s  t h a t  s t a t e  for which t h e  i n t e r n a l  po ten t i a l  energy i s  t h e  l e a s t  
( r e f .  18). If the  system f r e e  surface energy i s  in te rpre ted  as t h i s  po ten t ia l ,  
a f l u i d  system i n  t he  absence of grav i ta t iona l  o r  i n e r t i a l  forces  w i l l  tend to -  
w a r d  t h e  s t a t e  t h a t  cons t i tu tes  t h e  minimum. Qual i ta t ively,  t h i s  means t h a t  t he  
energy increment &E must be negative f o r  t he  assumed incremental change t o  oc- , 
cur. Results of carefu l ly  control led experiments i n  thermal equilibrium reported 
i n  references 1 2  and 14 a re  i n  agreement with these concepts. 

The possible appl icat ions of l i qu id  hydrogen i n  aerospace technology have 
stimulated research i n  various areas  r e l a t e d  t o  t h i s  f l u i d  i n  zero gravity.  A 
prime r equ i s i t e  i n  predict ing t h e  behavior of l i qu id  hydrogen i s  a knowledge of 
the  charac te r i s t ic  contact angle. Despite t h e  d i f f i c u l t i e s  inherent i n  t h e  meas- 
urement, r e su l t s  have been obtained (from information received i n  a pr iva te  com- 
munication w i t h  D r .  Goode of Convair Astronautics) t h a t  seem t o  indicate  a zero 
contact angle. 
1 9 ) ;  however, from t h e  Aerobee tes ts  conducted by Lewis, it w a s  apparent t h a t  t he  
l i qu id  hydrogen wetted the  walls of a spherical  s t a in l e s s - s t ee l  container after 
elimination of  g rav i ta t iona l  forces.  Time h i s t o r i e s  of axial accelerat ion forces  
and w a l l  temperatures of a 9-inch-diameter sphere 34 percent f i l l e d  with l i qu id  
hydrogen during weightlessness a r e  shown i n  f igure  2 .  

Another source reported a contact angle other  than zero ( r e f .  

During the  boost phase of 
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t h e  t r a j e c t o r y ,  t h e  acceleration forces co l l ec t  the l i q u i d  hydrogen a t  t h e  bottom 
OF t h e  container; t h e  upper thermocouple records t h e  hydrogen vapor temperature 
bf about 110' E; t h e  thermocouple at the  bottom of t h e  container reads t h e  l i q u i d  
hydrogen temperature of 37' R. A t  booster cutoff ( t b e ,  54 s e e ) ,  t h e  a x i a l  ac- 
ce le ra t ion  i s  reduced t o  zero and t h e  l i qu id  hydrogen quickly wets a l l  t h e  con- 
t a i n e r  w a l l s ,  which r e s u l t s  i n  uniform temperature readings. Although t h e  i n i -  
t i a l  wetting of t h e  container walls w a s  probably caused by i n e r t i a l  forces ,  t h e  
f a c t  t h a t  they remained l i qu id  wetted indicates  t h a t  t h e  contact angle was c lose  
t o  zero. 

Reference 18 points  out t h a t  a rigorous mathematical ana lys i s  3f low-gravity 
hydrostatics f o r  any but t h e  simplest geometries i s  d i f f i c u l t  because of t h e  
s t rong nonl inear i ty  a r i s i n g  from t h e  liquid-gas in t e r f ace  condition. If se lec ted  
configurations a r e  used, however, t h e  physical manifestations of t he  underlying 
pr inc ip les  may be observed experimentally and compared with predicted behavior. 

Some c a p i l l a r i t y  e f f ec t s  i n  confined l iquids .  - A spec i f i c  demonstration of 
t h e  tendency f o r  system f r e e  surface energy t o  be minimized i s  reported i n  r e fe r -  
ence 1 4  and schematically shown i n  f igure  3. A wetting l i qu id  i s  placed i n  a cy- 
l i n d r i c a l  container t h a t  has a concentric tube within it. The tube diameter i s  
varied t o  give a range of cylinder t o  tube radius r a t i o .  The change i n  f r e e  sur- 
face  energy as a function of change i n  l i qu id  l e v e l  i n  t h e  tube can be wr i t t en  

, (der ived i n  r e f .  1 4 )  

where 

E f r e e  surface energy of system 

e contact angle 

vapor t o  l i qu id  i n t e r f a c i a l  tension % / l  

r tube rad ius  

R cylinder rad ius  

h l iqu id- leve l  height i n  tube 

When When placed i n  
zero gravity, t he re  w i l l  be no f l u i d  motion o ther  than a minor miniscus change 
because t h e  f r e e  s w f a c e  energy of t h e  system is already at a r e l a t i v e  minimum. 
If t h e  f l u i d  column i s  displaced by some externalmeans, t h e  l i q u i d  m a s s  w i l l  r e -  
main i n  t h e  displaced posi t ion.  The condition R / r  = 2 i s  thus a n e u t r a l  point. 
When R / r  > 2, t h e  bracketed term i s  posi t ive.  Hence, f o r  a change dh i n  t h e  
pos i t i ve  d i rec t ion ,  t he re  i s  a net  decrease i n  f r e e  surface energy, t h a t  i s ,  t h e  
l i q u i d  rises i n  t h e  column. 

R / r  = 2,  t h e  quantity i n  t h e  bracket i s  i d e n t i c a l l y  zero. 

When R / r  < 2, t h e  bracketed term i s  negative. . 
5 
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Hence, f o r  motion t o  proceed by dE, dh must occur i n  a 

si- negative direct ion.  
annulus. 

Thus, the  l i qu id  i s  depressed i n  t h e  6olumn and rises i n  t h  

If t h e  same minimum energy pr inc ip le  is u t i l i zed ,  t h e  l i qu id  i n  a spher ica l  
Vessel can be made t o  assume a predetermined posi t ion,  as reported i n  r e fe r -  
ence 14. 
a tube properly s i zed  t o  meet the  decreasing free surface energy requirement. 
Interconnecting holes permit l i qu id  flow in to  the  tube. 
assumes the  normal 1-g configuration r e l a t i v e  t o  t h e  v e r t i c a l  regardless  of tube 
location. 
minimum, and thus the  tube i s  f i l l e d .  
t a ined  when t h e  external  l i qu id  w e t s  t h e  outer  w a l l  of t h e  tube and d i s t r i b u t e s  
i tself  symmetrically about the tube axis .  Because of weightlessness, a similar 
equilibrium configuration is expected f o r  any tube loca t ion  provided su f f i c i en t  
l i q u i d  and time e x i s t s  f o r  t he  e n t i r e  l i qu id  motion t o  occur. Evidence t o  th i s  
e f f e c t  may be seen i n  f igures  4(a)  t o  ( g )  f o r  t h e  tube i n  t h e  Oo, 45O, and 90' 
positions. Thus, where a l l  forces  other than t h a t  of surface tension a r e  near 
zero, a properly s ized cont ro l  tube may be used t o  posi t ion a f l u i d  within a con- 
t a ine r .  

Shown i n  figure 4 i s  a spher ica l  vesse l  containing a wetting l i q u i d  and 

Ini t ia l ly ,  t h e  l i q u i d  

In a zero-gravity condition, t h e  free surface energy tends t o  become a 
A fur ther  movement toward a minimum i s  ob- 

Heat t ransfer .  - The foregoing discussion has shown t h e  relevance of some 
basic  concepts t o  an understanding of f l u i d  behavior i n  zero gravity, 
ence of each input var iable  adds t o  t h e  complexity and uncertainty of t h e  prob- 
l e m .  Determination of f l u i d  behavior with heat addi t ion and t h e  possible e f f e c t s  
of weightlessness on heat t r ans fe r  become a major concern pa r t i cu la r ly  i n  l i g h t  
of t h e  cryogenic propert ies  of l i qu id  hydrogen. 

The pres- -' 

rl 

The basic r e l a t i o n  used i n  steady-state heat t r ans fe r  i s  

where 

Q/A 

h 

At temperature difference,  % 

heat f lux ,  Btu/(hr) ( f t 2 )  

heat-transfer coeff ic ient  , Btu/(hr) ( f t  ) ( R )  2 0  

Numerous dimensional s tud ies  and experimental correlat ions are found i n  t h e  
l i t e r a t u r e  t h a t  express t h e  heat-transfer coef f ic ien t  i n  terms of geometry, f l u i d  
propert ies ,  and f l u i d  dynamics parameters. These s tudies  have s imi la r ly  included 
the  use of vasious def in i t ions  of temperature difference.  

Experiments t o  assess  t h e  e f f ec t s  of zero gravi ty  on heat  t r a n s f e r  with l i q -  
uid hydrogen ase reported i n  reference 20. An e l e c t r i c  heating element submerged 
i n  a hydrogen ba th  was used t o  measure t h e  heat-input r a t e  over a range of heater  
t o  liquid-bulk temperature difference.  
which a 1-inch-diameter copper sphere was u t i l i z e d  as a dynamic calorimeter was 

A t r ans i en t  technique w i t h  nitrogen i n  
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reported i n  reference 21. The boi l ing heat t ransfer  t o  l i qu id  nitrogen at 1 at-  
osphere pressure was thus measured during f ree  f a l l  i n  a 32-foot drop tower. &" c u l t s  of  t h e  aforementioned investigations a r e  shown i n  f igure  5 f o r  a heat 

f l ux  range from 2x102 t o  Zx104 Btu per hour per foot sqm.reC3 f o r  both 1-g and 
zero-gravity conditions. Boiling-water heat t ransfer  under 1 g reported i n  r e f -  
erences 8 and 22 a l s o  indicates  t h e  magnitude of temperature difference and heat 
f lux.  
ess  with water within t h e  accuracy of the  experiment. The agreement between the  
1-g and zero-gravity data f o r  a l l  three l iquids  appears t o  be within the  uncer- 
t a i n t i e s  of experimental error .  
t i e s ,  t h e  na tura l  convection currents during the zero-gravity t e s t s  appear t o  be 
ins igni f icant  r e l a t i v e  t o  the  f l u i d  motion induced a t  t h e  boi l ing  s i t e  ( r e f s .  2 3  
and 18). 
comparable zero-gravity and 1-g heat-transfer d a t a  are avai lable ,  and f o r  the 
l imited time sca le  of these experiments, t h e  absence of na tura l  convection had no 
s igni f icant  e f fec t  on the  loca l  heat-transfer rate. This f ind ing  i s  i n  contrast  
t o  the  expected e f f ec t  of gravi ty  on the boiling process as s t a t ed  i n  re fer -  
ence 24, where it i s  postulated t h a t  the  absence of a body force  would r e s u l t  i n  
a vapor blanket around the  heated surface and thus sharply decrease heat- t ransfer  
r a t e s .  

Reference 8 reported no e f fec t  of body force on the  nucleate boi l ing  proc- 

Based on photographic observation of vapor cavi- 

It may be concluded fur ther  t h a t  over t h e  range of heat f l u x  wherein 

Experimental bo i l ing  heat-transfer curves for l i q u i d  hydrogen from severa l  
*other invest igat ions a re  shown i n  f igure  6. The theo re t i ca l  curve of r e fe r -  
ence 25 based on a model embodying t h e  dynamics of vapor cav i t i e s  is  shown t o  be 
consistent with experimental data i n  trend and magnitude. The analysis  fu r the r  

%'indicated no influence of grav i ta t iona l  f i e l d  on nucleate boi l ing  heat t r ans fe r  
but considerable e f f ec t  i n  the  c r i t i c a l  heat-flux region. Some of the  s c a t t e r  i n  
t h e  reference curves can be a t t r i bu ted  t o  var ia t ions i n  experimental technique, 
apparatus, and t e s t  pressures, which ranged from 3/4 t o  about 2 atmospheres. The 
r e s u l t s  of two Aerobee flight experiments a r e  a l s o  seen t o  be within t h e  general  
range of var iables  s tudied by t h e  aforementioned invest igators .  The heat f luxes 
i n  these f l i g h t s  were approximately tha t  received by a bare metal tank subject t o  
d i r ec t  so la r  rad ia t ion  i n  space, as indicated i n  f igure  6. 

Prac t ica l  considerations f o r  storage of cryogenic l iqu ids  i n  space may re- 
quire insulated tanks. Heat f lux  t o  a tank surrounded by a 1/2 inch of multi- 
layer  foi l - type insu la t ion  would be of  t he  order of 0.25 Btu per hour per foot  
squared. I n  the  invest igat ion of reference 20, avai lable  zero-gravity time pre- 
cluded observation of the  nucleate boi l ing phenomenon below a heat-flux r a t e  of 
about 200 Btu per hour per foot  squared. Under normal gravi ty  conditions, inves- 
t i g a t o r s  generally observe a natural  convection current whereby heat added t o  the 
l i qu id  a t  the  lower elevat ion i s  rejected at t h e  upper liquid-vapor in te r face  by 
surface evaporation. When heat i s  added at the  top, temperature s t r a t i f i c a t i o n  
occurs with heat conducted t o  t h e  cooler l iquid below ( r e f .  2 6 ) .  
significance of heat t r ans fe r  by conduction only can be evaluated i f  a hypothet- 
i c a l  l ayer  of l i qu id  hydrogen 1/2-inch thick i s  assumed t o  receive a steady-state 
heat f l u x  ranging f rom 0 . 1 t o  i0 Btu per hour per foot  squared. 
counterpart of  such a model requires a continuous heat sink a t  the  inner boundary 
with suf f ic ien t  pressurizat ion t o  suppress boiling. 
duc t iv i ty  with temperature along the  heat path was  neglected. The nucleate boi l -  
ing heat- t ransfer  r a t e  i s  two decades above t h a t  shown f o r  t h e  conduction process 

The r e l a t i v e  

The p rac t i ca l  

The change i n  thermal con- 
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a t  a given temperatwe difference.  
necessary f o r  t h e  100 Btu per hour per  foot  squared f lux  l e v e l  of t h e  Aerobee 
tests t o  maintain t h e  temperature gradient a t  t he  1' R l eve l .  

It i s  apparent t h a t  nucleate bo i l ing  would be 

4.  

In summary, it may be sa id  t h a t  the  e f f ec t  of weightlessness on heat t rans-  
f e r  t o  l i qu id  hydrogen i s  not c l e a r l y  understood except by inference from ob- 
served re su l t s .  In a zero-gravity condition i f  natural convection i s  assumed t o  ~ 

be nonexistent, heat t r ans fe r  by conduction may be a va l id  assumption provided 
t h e  heat-flux r a t e  i s  low and a continuous heat sink ex is t s  a t  t h e  lower tempera- 1 

t u r e  boundary. In t h e  absence of such a heat sink or at  heat-f lux r a t e s  above 
t h e  s tab le  conduction rate, conditions are a t ta ined  by t h e  l i q u i d  phase wherein 
boi l ing occurs. On a laboratory sca le ,  i so l a t ed  boi l ing  experiments indicate  
l i t t l e  influence of body forces  between zero gravity and 1 g on t h e  heat- t ransfer  
mechanism a t  t he  boi l ing  s i te ,  as a t t e s t e d  by t h e  heat-flux - temperature- 
difference re la t ion .  What i s  unknown, however, i s  t h e  hydrodynamics of t h e  vapor 
cav i t i e s  and t h e  surrounding l iqu id .  A discussion of a possible  model f o r  t h i s  
process, a t  least, i n  a 1-g f i e l d  can be found i n  reference 27. Whereas vapor 
cavi t ies  a r e  buoyed upward with r e su l t i ng  l i qu id  ag i t a t ion  i n  I-g pool bo i l ing ,  
or are swept away by t h e  l i qu id  flow ve loc i ty  i n  forced convection tube boi l ing,  
t h e  presence of ne i ther  mechanism i n  zero gravi ty  requires  a better understanding 
of t h e  prevail ing l o c a l  hydrodynamics before the  thermodynamic s t a t e  of t h e  en- 
t i r e  system can be assessed. It i s  a l s o  possible  t h a t  t he  s t a b i l i t y  of a l i qu id  
configuration based on f r e e  surface energy of an adiabat ic  fixed-phase system may 
be modified when another energy component such as heat i s  added accompanied by 
phase change. 

Scaling. - The d i f f i c u l t y  of subject ing fu l l - sca l e  systems t o  prolonged pe- 
r iods  of weightlessness necess i ta tes  experimental invest igat ions with sca le  mod- 
e l s .  Theory of models and t h e  governing l a w s  of s imil i tude have been developed 
and widely applied t o  problems i n  the  f i e l d s  of hydro- and aerodynamics. The 
probable time scale  of motion of f l u i d s  i n  a zero-gravity condition has been 
analyzed i n  references 18, 28, 29, and 30. The complexity of a general- 
configuration problem l imited the  analyses t o  order-of-magnitude-type s tudies .  
A general conclusion was  t h a t  t he  time which character izes  the  motion of l iqu ids  
from one s tab le  configuration t o  another w a s  of t h e  form 

' 

J 

T charac te r i s t ic  t i m e  

p density 

0 surface tension 

L charac te r i s t ic  dimension 

K constant 

The time scale  fo r  cap i l l a ry  f l u i d  dynamics is  thus  based. on i-. 
Reynolds ( re f .  18) used a s0mewha.t mechanistic approach i n  concluding t h a t  t h e  , 
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Reynolds, Bond, and Weber numbers a r e  the pr inciple  dimensionless parameters en- 
c untered i n  low-gravity hydrodynamics and indicated the  nature of phenomena t o  

%&ch each i s  applicable.  Symbolically, these numbers a r e  pvL/p, pgL2/o, and 
pvLL/a,  respect ively,  where 

v ve loc i ty  

p viscos i ty  

g grav i ta t iona l  accelerat ion 

A simple manipulation of the  Bond number and t h e  equation f o r  uniformly ac- 
celerated motion again yields  the  r e s u l t  t h a t  the time sca l e  i s  proportional t o  

t h e  parameter d-. 
For a given f l u i d ,  densi ty  p and surface tension (5 are f ixed,  hence, T 

the  cha rac t e r i s t i c  time should vary as t h e  cha rac t e r i s t i c  length L r a i sed  t o  
the  3/2 power. 
for l i qu id  hydrogen and l i q u i d  nitrogen globules using the  simplest o s c i l l a t i o n  
mode (see appendix B ) .  
where t h e  globule diameter (taken as t h e  charac te r i s t ic  length)  i s  shown as a 
funct ion of t h e  cha rac t e r i s t i c  time. A s ingle  datum point is shown from an ob- 
served o s c i l l a t i o n  period of a l i qu id  nitrogen globule photographed i n  t h e  KC-135 
a i rplane zero-gravity f a c i l i t y .  
, this one i so l a t ed  point.  

Hansen ( r e f .  30) calculated the o s c i l l a t i o n  period and decay time 

The r e s u l t s  of t h i s  calculat ion are shown i n  f igu re  7 ( a ) ,  

The theory and da ta  agree reasonably wel l  f o r  

A wide gap ex i s t s ,  however, between t h e  dynamics of a l i qu id  confined i n  a 
space-vehicle tank and a f ree- f loa t ing  globule of l iquid.  
t he  cha rac t e r i s t i c  time i s  in te rpre ted  as being proportional t o  t h e  period of 
s m a l l  o sc i l l a t ions  about a spher ica l  form. Considering t h e  s t rong nonl inear i ty  
introduced by t h e  liquid-vapor in te r face  as it changes from a 1-g t o  a zero- 
grav i ty  configuration, any agreement between the cha rac t e r i s t i c  times of a tank 
configuration and t h e  o s c i l l a t i n g  globule would be fo r tu i tous  and then only t o  
perhaps a l imi ted  range of f l u i d  motion. The extent  of app l i cab i l i t y  of t h e  
given l a w  of s imi l i tude  t o  a more r e a l i s t i c  tankage problem can be assessed by 
considering some r e s u l t s  of t e s t s  reported i n  reference 12 t h a t  a r e  shown i n  f i g -  
ures 7(b) and ( e ) .  
e thy l  alcohol i n  spher ica l  g lass  containers. The time t o  wet walls completely, 
t h a t  i s ,  t h e  period of weightlessness required f o r  a wetting f l u i d  t o  go from a 
1-g configuration t o  a configuration i n  which t h e  so l id  t o  vapor in te r face  i s  
seemingly replaced by a so l id  t o  l i qu id  interface,  is taken t o  be representat ive 
of a cha rac t e r i s t i c  t i m e  for  a l i qu id  motion. The cha rac t e r i s t i c  length i s  taken 
t o  be e i t h e r  (1) t h e  spher ica l  radius of t he  contained volume of l i qu id ,  or ( 2 )  
t he  l i n e a r  surface dis tance above the i n i t i a l  l i q u i d  l eve l ,  t h a t  i s ,  t h e  t o t a l  
l i nea r  dis tance t o  be wetted. It should be noted t h a t  spher ica l  containers with 
a given l iquid-  t o  tank-volume r a t i o  r e s u l t  in  tank r a d i i  t h a t  bear a d i r ec t  re -  
l a t i o n  t o  the  spher ica l  radii of t he  CGntaiEed l i qu id .  Furthermore, t h e  radius  
of t h e  tank r a i sed  t o  the  3/2 power varied as the square root  of t h e  tank  volume. 
The l i n e  ind ica t ing  t h e  s imi l a r i t y  l a w  i n  figure 7(b) is therefore  analogous t o  
assumption ( 1 ) . 

For t h e  globule case, 

The data  are taken from a s e r i e s  of drop-tower t e s t s  with 
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From f igures  7(b)  and ( e ) ,  it i s  apparent t h a t  ne i ther  l i qu id  radius  nor 
distance t o  be wetted s u f f i c i e n t l y  represents  t h e  cha rac t e r i s t i c  length i n  t h e  
similarity function. 
of s i z e  and geometry e f f ec t s  on f l u i d  dynamics 
when applied t o  tanks of space vehicle  proportions. 
t h i s  lack of scal ing knowledge i s  d i f f i c u l t  t o  assess  at t h e  present juncture.  

Extrapolations based on the  cur ren t ly  l imi ted  unde r s t and id  
lead t o  considerable e r r o r  

The f u l l  s ignif icance of 

From the  preceding r e s u l t s ,  it i s  apparent t h a t  t h e  present knowledge of 
scal ing phenomena leaves much t o  be desired even fo r  one of t h e  simpler applica- 
t i ons .  Fluid motion whether induced by c a p i l l a r i t y  or externa l  disturbances may 
be considered a reasonable cer ta in ty .  
i n t o  unvented tanks,  var ia t ions  i n  e f fec t ive  vehicle  moment of i n e r t i a  due t o  
sh i f t i ng  of l i qu id  mass, o sc i l l a t ions  and sloshing e f f e c t s  as w e l l  as t h e  hydro- 
dynamics attending high r a t e  i n f lux  and ef f lux  of l i qu ids  give r i s e  t o  p a r t i a l  
d i f f e r e n t i a l  equations whose complexity make sca l ing  experiments g rea t ly  des i r -  
able .  

Unsteady phenomena such as heat t r ans fe r  

Applied Studies 

As s t a t ed  previously, the  physical propert ies  of l i q u i d  hydrogen and t h e  
complexity of simulating a weightless environment make it d i f f i c u l t  t o  study the  
zero-gravity e f f e c t s  on t h i s  f l u id .  A s  a r e s u l t ,  much has been published regard- 
ing t h e  l i k e l y  act ion of hydrogen i n  such an environment based on heat t r a n s f e r ,  
surface tension, and f l u i d  dynamic theory and some of t he  fundamental experimen- 
t a t i o n  described previously (e .g . ,  see r e f s .  31; 32 ,  p. 156; and 33, p. 55). In’  
t h i s  section an e f f o r t  i s  made t o  i l l u s t r a t e  t y p i c a l  r e s u l t s  of some applied ex- 
perimentation with l i qu id  hydrogen t h a t  tend t o  shed new l i g h t  on t h e  zero- 
grav i ty  charac te r i s t ics  of t h i s  f l u i d .  

Uniform heating i n  a closed container.  - A s e r i e s  of zero-gravity experi- 
ments have been performed by propel l ing a 9-inch-diameter spher ica l  tank i n t o  a 
b a l l i s t i c  t r a j ec to ry  by means of an Aerobee sounding rocket,  as described i n  r e f -  
erence 1 6 .  Flux r a t e ,  l i qu id  f i l l i n g ,  f l u i d  co l lec t ion ,  and heater  locat ion a re  
some of the var iables  t h a t  have been examined. The heat- t ransfer  vesse l  i s  shown 
i n  f igure  8. Because of a lack of zero-gravity experimentation, heat t ransfer red  
in to  a cryogenic storage tank i n  space has been generally assumed t o  be absorbed 
uniformly i n t o  the l i qu id  (see r e f s .  2 3  and 32, e . g . ) .  Thermal s t r a t i f i c a t i o n  
i n  a normal 1-g environment with a cryogenic f l u i d  i s  discussed i n  reference 26. 
By measuring the r i s e  i n  pressure of the  l i q u i d  hydrogen i n  the  s t e e l  sphere 
as  it was heated during several  minutes of weightlessness, it w a s  possible t o  
determine the  va l id i ty  of the  uniform heating assumption. For 200 seconds of 
zero gravity with a f l u x  l e v e l  of 150 Btu per hour per foo t  squared, t h e  pressure 
changed from 15 t o  85 pounds per square inch ( f i g .  9 ) .  From a ca lcu la t ion  with 
thermal equilibrium within t h e  l i q u i d  assumed, it was estimated t h a t  t he  pressure 
r i s e  would have been only 60 pounds per square inch. F romth i s  t e s t  it w a s  de- 
duced t h a t  there  was a considerable degree of thermal s t r a t i f i c a t i o n  within the  
f l u i d  during heat addi t ion i n  zero gravi ty .  Such a condition was  found t o  pre- 
v a i l  f o r  f lux  leve ls  between 25 and 300 Btu per hour per foot  squared and f i l l i n g  
l eve l s  from 20 t o  34 percent of t he  tank volume. A t  t h e  point  denoted f l u i d  col-  
l e c t i o n  i n  f igure 9 ,  a co l lec t ion  rocket w a s  f i r e d  which brought t he  l i qu id  t o  
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t h e  bottom of the  tank and resu l ted  i n  t h e  hydrogen sloshing against  t h e  con- 
tp ine r  wall, pa r t  of which had dried off and became quite warm. Thus, a consid- 

This rapid vaporization acceler- 
a ted  the  r i s e  i n  tank pressure though t h e  heating rate was constant. 
point of separation of t h e  experiment from the  rocket,  t h e  f l u i d  was s u f f i c i e n t l y  
ag i ta ted  t o  reduce t h e  vessel  pressure somewhat. Suff ic ient  mixing would lower 
t h e  pressure t o  t h e  thermal equilibrium pressure l i n e ,  as indicated i n  t h e  
f igure.  

+&able amount of l i qu id  hydrogen was vaporized. 
A t  t h e  

A s ign i f icant  charac te r i s t ic  of hydrogen is  t h e  rap id  change i n  pressure 
with increased l i q u i d  temperature, f o r  example, between 37' and 38' R t h e  equi- 
librium pressure r i s e s  20 percent, from 15 t o  18 pounds per  square inch. Never- 
the less ,  an attempt was made t o  measure t h e  thermal s t r a t i f i c a t i o n  indicated by 
t h e  pressure h i s to ry  i n  f igure 9 by inser t ing  a temperature measuring rake i n  t h e  
l i qu id  hydrogen during a zero-gravity experiment. The resu l t ing  temperature pro- 
f i l e s  are  shown i n  f igure 10 f o r  zero-gravitytimes from 0 t o  200 seconds. 
ing boost, t he  l i q u i d  i s  a t  the bottom of the  container and a constant temper- 
a tu re  p ro f i l e  of 36.7' R is  indicated. 
burnout, a maximum temperature p ro f i l e  of about 1/2O R was obtained. 
onds of weightlessness the  maximum temperature s t r a t i f i c a t i o n  i s  almost 1' R. 
This temperature p ro f i l e  then remains constant t o  a t i m e  of about 200 seconds 
after burnout. From these temperature readings, it i s  apparent t h a t  a thermal 

- s t r a t i f i c a t i o n  i s  s e t  up i n  a l i qu id  hydrogen tank after a few seconds of weight- 
lessness ,  and f o r  t he  weightless t i m e  period of  200 seconds, t h e  temperature pro- 
f i l e  is f a i r l y  sta51e once established. 

Dur- 

A t  30 seconds after sustainer  rocket 
A t  100 see- 

7 '  

The pressure r ise of t h e  l i qu id  hydrogen storage vessel i s  p lo t ted  as a 
function of heat  input for two heat f luxes and th ree  tank f i l l i n g s  i n  f igure  11. 
I n  t h e  f igure  are shown calculated pressure rises f o r  thermal equilibrium and 
tank f i l l i n g s  of 10, 30, and 50 percent. 
measured pressure r ise corresponds t o  a l iquid f i l l i n g  of about 15 percent f o r  
t h e  thermal equilibrium calculation. A t  t h e  higher heat inputs,  t h e  pressure i s  
r i s i n g  at a faster rate, which may be due t o  the  hydrogen vaporization resu l t ing  
from f l u i d  co l lec t ion  or vessel  tumbling near t h e  termination of t h e  f l i g h t .  
t h e  range of experimentation indicated,  t h e  danger i n  t h e  design assumption of 
thermal equilibrium f o r  a cryogenic storage vessel i s  apparent. 
input of 15 Btu ( f i g .  11) and a 34-percent l iqu id  f i l l i n g ,  thermal equilibrium 
would r e s u l t  i n  a pressure r i s e  t o  about 65 pounds per  square inch. 
measured s t r a t i f i c a t i o n ,  an ac tua l  pressure of  85 pounds per square inch was ob- 
ta ined i n  the  9-inch-diameter spherical  vessel  used i n  t h e  Aerobee experiments. 

For most of t he  heat input range, t h e  

For 

For a tank heat 

With t h e  

A comp3;rison of t h e  experimental data  with the  thermal equilibrium pressure 
r i s e ,  points  up some very iri teresting questions; t h a t  i s ,  f o r  what extension i n  
tank f i l l i n g  beyond 34 percent would the  same experimental pressure r i se  be ob- 
ta ined? What l e v e l  of heat f l ux  r a t e  w i l l  a f fec t  t h e  tank pressure r i s e  f o r  a 
given heat input?  What i s  t h e  heat dispersion mechanism t h a t  accounts f o r  t h e  
dis t . inct ive pressure r i s e  r a t e ?  

Wall drying i n  zero gravity. - A s  indicated previously, surface tension 
forces  would i n i t i a l l y  cause l i qu id  hydrogen t o  w e t  t h e  w a l l  as gravi ty  i s  r e -  
duced t o  zero; however, t he  addition of heat t o  t h e  container brings other  forces  

J 
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t o  bear t h a t  can influence the  posi!?l.on of t h e  l iqu id .  Unequal heat  addi t ion  t o  . 
a bubble or globule can r e s u l t  i n  i t s  movement toward t h e  higher temperature (see 
ref. 34). Concentrated heat leaks a r i s i n g  from vent l i n e s  or s t ruc tu re  supports/!. 
could r a i se  t h e  f l u x  l e v e l  t o  t h e  boi l ing  range, which would a f f ec t  t h e  f l u i d  ad- 
jacent t o  t h e  tank w a l l .  I n  most of t h e  Aerobee zero-gravity experiments, drying 
of t h e  vessel  w a l l s  occurred after a weightless period of from 150 t o  200 sec- 
onds. 
shown as a function of t i m e  f o r  a 9-inch-diameter vesse l  30 percent f i l l e d  with 
l i q u i d  hydrogen with a uniform radiant  heat f l u x  of 150 Btu per hour per  foot  
squued .  
and a l l  thermocouples indicate  readings close t o  t h e  hydrogen sa tura t ion  tempera- 
ture .  This s t a t e  continues t o  time 220 seconds, (weightless time, 165 see)  where 
t h e  t o p  tank temperature rises rapldly,  which indicates  vapor wetting of t h e  ves- 
se l  w a l l  i n  t h i s  area. 
seconds the temperature near t h e  vessel equator indicates  l i qu id  disappearance 
with t h e  cha rac t e r i s t i c  r ise i n  temperature. The wall-drying inception generally 
starts i n  the v i c i n i t y  of t h e  l i qu id  hydrogen f i l l  tube and a camera viewing port  
(see f i g .  8 ) ,  where t h e  heat f lux  has been estimated t o  be considerably higher 
than t h e  150 Btu per hour per foot  squared shown f o r  t h e  data i n  figure 12.  

This e f fec t  i s  i l l u s t r a t e d  i n  f igure 1 2  where w a l l  temperature t r aces  a r e  

Within a few seconds after burnout, t h e  l i qu id  hydrogen w e t s  t h e  w a l l s  

The vapor-wetted-wall area grows i n  s i z e  u n t i l  a t  310 

I n  one of t h e  Aerobee f l i g h t s ,  de f in i t i ve  pictures  were obtained of t h e  
wall-drying process as depicted i n  f igure  13. 
vesse l  was heated unsyrmnetrically with a f l u x  l e v e l  of 250 Btu per hour per foot  , 
squared on t h e  lower hemisphere and about 1 Btu per hour per foot  squared on t h e  
upper hemisphere, where t h e  two halves a r e  separated by an equator r ing ,  as indi-  
cated i n  f igure 13(a). The view i n  t h i s  f igure  i s  from t h e  top  of t h e  container J 

through a s m a l l  window. The dark c i r c l e  i n  t h e  center of t h e  p ic ture  i s  a ul lage 
control  device (similar t o  t h a t  shown i n  f i g .  4 ) ,  which w a s  being invest igated as 
a liquid-posit ioning vehicle,  t h a t  operates by means of surface-tension forces .  
In  f igure  13(a),  a l l  t he  skin thermocouples around t h e  sphere were reading l i qu id  
hydrogen temperatures. To the  l e f t  of t h e  equator r ing ,  a bubbling pa t t e rn  can 
be discerned t h a t  i s  representat ive of t h e  nucleate boi l ing  process. 
be expected from the  f l u x  l e v e l  a t  250 Btu per hour per foot  squared, which is  i n  
the  nucleate boi l ing  range ( f i g .  6 ) .  
colored region i s  outlined and i s  termed "intense boi l ing ."  The l i qu id  f i l m  has 
probably thinned out here with a subsequent increase i n  the  r e l a t i v e  quant i ty  of 
vapor bubbles i n  the  l iqu id ,  which r e s u l t s  i n  t h e  grea te r  opacity. That t h i s  
intense-boiling area does not represent a t r a n s i t i o n  t o  f i lm  boi l ing  is shown by 
t h e  data  i n  f i gu re  6 ,  which indicates  a minimum temperature difference of 20° R. 
Such a temperature difference is not shown by t h e  temperature t r aces  of figure 1 2  
p r i o r  t o  the w a l l  drying. Further evidence of t h i s  process is indicated i n  f i g -  
ure 13(b)  where a small "dark" area  appears i n  t h e  middle of t h e  intense boi l ing  
region (lower pa r t  of photograph) s ignifying t h e  start of t h e  wall-drying proc- 
ess .  
of t h i s  dark mea ,  which indicates  t h e  t r a n s i t i o n  from l iqu id-  t o  vapor-wetted 
w a l l .  
i n  f igure  13(c) .  In  f igure  13(d) ,  t he  dark dry region has spread i n  an elongated 
pa t te rn  along the  high f l u x  s ide of t h e  equator, and t h e  evaporation process pro- 
ceeds fast enough t o  re lease  discernable clouds of hydrogen vapor. 
process was t raced  by t h e  change i n  wall temperature. 
f igure 1 3 ( d )  t h e  liquid-vapor in te r face  a t  t h e  vesse l  w a l l  is  s tab i l ized .  

In  t h i s  par t icu lar  experiment, t h e  

This would 

A t  t h e  bottom of f igure  13(a), a l i gh t -  

The w a l l  temperature i n  t h i s  region increased rap id ly  at  about t h e  loca t ion  

Progressive growth of t h e  dry and intense boi l ing  areas  can be discerned 

This drying 

This 
I n  t h e  lower port ion of 
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r e s u l t s  from t h e  increased surface-tension energy t h a t  tends t o  r e w e t  t h e  sur- 
,j;ace. 
. t a i l .  

The mechanics of t h i s  process w i l l  be subsequently analyzed i n  greater de- 

The rate a t  which t h e  drying proceeds along t h e  sphere and t h e  possible  ef- 
f e c t s  of heat f l u x  and l i qu id  f i l l i n g  on t h e  process a r e  shown i n  figure 1 4  f o r  
uniform and nonuniform heating. 

2~ inches from t h e  camera window, which i s  on the t h r u s t  axis, after a period of 

weightlessness of about 150 seconds. The drying then proceeds t o  the equator v i -  
c i n i t y  i n  about an addi t iona l  100 seconds ( f i g .  1 4 ( a ) ) .  Data for uniform heating 
f l u x  of 260 and 150 Btu per hour per foot  squared a t  l i qu id  f i l l i n g s  of 22 and 34 
percent, respect ively,  a r e  shown. The curve fa i red  through t h e  drying data indi- 
cates  a slowing down of t h e  drying process i n  the  v i c i n i t y  of t h e  equator. 
another experiment, t he  9-inch-diameter sphere was exposed t o  a nonuniform heat 
f l u x  with t h e  segmented heating elements symmetrical about the t h r u s t  axis. The 
w a l l  drying seemed t o  emanate from the  v i c in i ty  of the camera window i n  a time 
period s imilar  t o  t h a t  obtained with the uniform heating ( f ig .  14 ) .  Three wall- 
temperature h i s t o r i e s  f o r  t he  same nonuniform heating experiment a r e  shown as a 
function of time i n  f igure  15: one thermocouple i s  located close t o  the vessel 
top  (about 3 in .  from t h e  t h r u s t  axis); each of t h e  other thermocouples is  near 
t h e  equator, one i n  the middle of t h e  'lcold" w a l l  (1 Btu f l u x )  and t h e  other i n  
t h e  middle of t h e  "hot" wall (60 Btu f lux ) .  A t  burnout, t h e  l i q u i d  quickly w e t s  
t h e  w a l l  at about 60 seconds after l i f t o f f .  The three  thermocouples then  r e f l e c t  
t h e  slowly r i s i n g  close6 container pressure, which, of course, means an increase 

Both t h e  thermocouple near t h e  f i l l  tube a t  the  
top  and at  t h e  equator i n  t h e  low-flux zone show readings close t o  t h e  sa tura t ion  
temperatures obtained from t h e  vessel pressure. The equator thermocouple i n  t h e  
high-flux segment, however, reads about lo R above t h e  sa tura t ion  temperature i n  
t h e  zero-gravity time between 75 and 180 seconds. It should be remembered though 
t h a t  t h i s  temperature difference exists a t  the w a l l ,  and because of t h e  f l u x  
va r i a t ion  around t h e  equator of t h e  vessel the liquid-temperature gradient ( f r o m  
w a l l  t o  liquid-gas in t e r f ace )  is probably not uniform. A t  about 180 seconds 
a f t e r  l i f t o f f ,  t h e  thermocouple near the vessel top  suddenly shows a rise i n  t e m -  
perature indicat ing wall drying a t  that point ( see  f ig .  15). A t  240 seconds from 
l i f t o f f ,  t h e  drying region has spread toward the equator i n  the  high-flux region. 
The drying did not proceed as far  down t h e  hemisphere with the  low-flux heating, 
though it was seeded near the  top of t h i s  area i n  the v i c in i ty  of t he  f i l l  neck 
and camera window. 

Drying is  indicated by a thermocouple located 
1 

I n  

' i n  l i qu id  hydrogen temperature. 

I n  f igure  16, a plot  of the  l i qu id  hydrogen temperature prof i le  around the  
equator i s  shown f o r  t he  experiment depicted i n  f igure 15 at  a time of 180 sec- 
onds from l i f t o f f .  All the  temperatures shown r e f l e c t  the  uneven heating r a t e  
around the  equator. The m a x i m u m  temperature d i f f e r e n t i a l  i s  1.5O R. 

I n  summary, some of the  wall-drying charac te r i s t ics  are  shown i n  the  follow- 
ing table:  
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1 
2 
3 

Test1 Liquid I Pressure,  1 Flux, I Vessel \Zero gravity 

44 42 260 22 15 0 
47 60 150 34 15 0 
40 25 “25 30 170 

aUnsymetrical heating (average). 

A .  

4 .  

The in te res t ing  f ace t  here i s  t h a t  even though the  f l u x  leve l ,  t h e  vesse l  
pressure, and f i l l i n g  have var ia t ions  ranging t o  almost an order of magnitude, 
t h e  zero-gravity time required f o r  the  w a l l  drying t o  reach a pa r t i cu la r  location 
about 3 inches from the  t h r u s t  axis was almost t h e  same. 

The t r ans fe r  of heat i n t o  a cryogenic s torage vesse l  i s  s t rongly dependent 
on the  s t a t e  of t h e  f l u i d  adjacent t o  t h e  container w a l l s .  The Aerobee zero- 
gravity f l i g h t  experiments have shown that an  i n i t i a l l y  liquid-wetted wall invar- 
i ab ly  dried t o  form vapor-wetted regions despi te  t he  f a c t  t h a t  t he  maximum heat- 
t r a n s f e r  rate (260 Btu / (hr ) (sq  f t ) )  was well  below the  fi lm-boiling range (see 
f i g .  6 ) .  This problem, therefore ,  was considered i n  greater de t a i l .  A spher ica l -  
vessel  is  shown i n  f igure  1 7  with a 30 percent f i l l i n g  of l i qu id  hydrogen. As  
indicated previously, t he  l i k e l y  shape of t he  ullage a t  equilibrium i n  zero grav-, 
i t y  will also be spherical ,  and with no r e s t r a i n t s  t h e  vapor bubble i s  free t o  
move about t h e  container a t  random with no change i n  surface-tension energy. The 
ul lage i s  a r b i t r a r i l y  pictured a t  t h e  t o p  of t h e  container i n  f igu re  1 7  so  t h a t  
t h e  two spheres are tangent at t h i s  point. Attention i s  drawn t o  t h e  r e l a t i v e  
shallowness of t h e  l i qu id  a t  t h e  upper port ion of t he  vessel .  

Addition of heat i n to  t h e  t h i n  f i l m  layer leads t o  t h e  following postulated 
sequence of events: 

(1) The l iqu id  changes phase by nucleation i n  regions where t h e  f i l m  has 
some minimum required thickness and by d i r ec t  surface evaporation i n  regions of 
thinner films. 

( 2 )  As shown i n  appendix A, conversions from liquid-vapor t o  solid-vapor in- 
t e r f aces  i n  t h i n  fi lms occur with almost no change i n  surface-tension energy. 
Hence, evaporation of a l i qu id  f i l m  r e s u l t s  i n  a vapor-solid in te r face  with lit- 
t l e  or no tendency t o  rewet t h e  w a l l .  

(3 )  Once dried,  t he  continued addi t ion of heat causes a temperature r i s e  i n  
t h e  container w a l l  at a r a t e  d i r e c t l y  proportional t o  the  heat input and in- 
versely proportional t o  the  thermal capac i t ies  and thermal conduct ivi t ies  of t h e  
w a l l  and the vapor. 
sketch ( a ) .  

The forces involved i n  t h i s  process a re  depicted i n  

Radiation heat energy i s  applied from a constant-temperature source. The cold- 
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,. :';.;a%,y: i Intense boi l ing  

7 c 
Radiant 
heating 

wall region corresponds approximately t o  the  sa tura t ion  temperature (see f i g .  
1 2 ) .  
which r e s u l t s  i n  heat t r ans fe r  by conduction along the  w a l l  as well  as d i r e c t l y  
in to  t h e  vapor. 
conductive heat i s  absorbed by d i r ec t  evaporation of the  l i qu id  hydrogen. 
t he  i i q u i d  fi 'Lni i s  s u f f i c i e n t l y  th ick ,  the  radiant heat t r ans fe r  is absorbed i n t o  

' t h e  f l u i d  by t h e  nucleate boi l ing  process. 
t i n g  l i q u i d  such as hydrogen tends t o  rewet the w a l l  and thus replace the  l i q u i d  
evaporated i n  t h e  heat- t ransfer  process, 
depends on t h e  r e l a t i v e  balance between the  heat t r a n s f e r  and t h e  flow of l i q u i d  
in to  t h e  evaporative region a r i s ing  from t h e  surface-tension force.  

The dry vapor-solid region of the  w a l l  is above the  sa tu ra t ion  temperature, 

Where the  l i qu id  f i l m  i s  very t h i n ,  much of t he  r ad ia t ive  and 
Where 

The surface-tension force  i n  a wet- 

Change i n  the  vapor-wetted w a l l  a rea  

The increase i n  surface-tension energy from the  inception of t h e  drying 
process was calculated f o r  a vesse l  similar to  t h e  Aerobee D e w  wlth a 30- 
percent l i q u i d  f i l l i n g ,  as i s  shown i n  f igure 18, 
t i o n  was limited t o  two dimensions, and the  liquid-vapor in te r face  was assumed t o  
be c i rcu las .  Where the  l i qu id  film is  v e r y t h i n ,  a t  the  inception of the  wall 
drying, t he  increase i n  surface-tension energy i s  qui te  small ( f i g .  18). 
dry region increases  beyond about 2 radians,  t he  surface-tension energy increases 
qui te  rapidly.  

For s implici ty ,  t h e  calcula- 

A s  t h e  

The r i s e  i n  surface-tension energy and thus the  tendency t o  rewet t h e  dry 
wall helps t o  explain the  slowing down of t h e  drying process i n  t h e  v i c i n i t y  of 
t h e  vesse l  equator with t h e  Aerobee zero-gravity t e s t s  ( see  f ig .  14).  When t h e  
surface-tension energy i s  high enough t o  bring su f f i c i en t  l i qu id  in to  the  evapo- 
r a t i v e  region t o  balance t h e  conduction and rad ia t ion  heat input,  t h e  wet-dry in- 
t e r f ace  would s t a b i l i z e ,  and thus a r r e s t  the  wall-drying process. Close examina- 
t i o n  of f igures  13 (c )  and (d)  indicates  such a s t ab i l i za t ion .  

Sketches ( b )  and ( c )  made from t h e  photographs i n  f igure  13(c)  and (d )  be- 
tween weightless times of 223 t o  253 seconds-indicate t h a t  the  w a l l  drying did 
not advance i n  t h e  d i rec t ion  of increased surface-tension energy. 
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Weightlessness time, 223 sec Weightlessness time, 253 sec 

(b) (4 I 

From t he  evidence i n  sketches ( b )  and ( c )  and calculat ions of t h e  w a l l -  
drying process i n  zero gravity, it i s  possible  t o  construct t h e  sequence of 
events i n  figure 19. 
der ly  nucleate boi l ing  ( f ig .  19(a)) ,  ( 2 )  t o  movement of ul lage,  which r e s u l t s  i n  - 
local ized intense boi l ing  ( f i g .  19 (b ) ) ,  (3) t o  the  dry w a l l  spot t h a t  appears be- 
cause of the  incapacity of t h i n  l i q u i d  f i l m  t o  absorb heat input ( f i g .  1 9 ( c ) ) ,  
( 4 )  t o  s t ab i l i za t ion  of wet-dry wall in te r face  t h a t  r e s u l t s  from high surface- 
tension forces c i rcu la t ing  su f f i c i en t  l i q u i d  t o  balance heat input from conduc- 
t ion and rad ia t ion  ( f i g .  1 9  (a) ) . 

I 

(1) The energy-transfer process i s  depicted from t h e  or- 

' 

The p a r t i a l  drying of a cryogenic vessel i n  t h e  absence of body forces  is 
probably not pecul iar  t o  the  r e s u l t s  observed i n  these  experiments. The extent 
of t h e  drying i n  a zero-gravity f i e l d  w i l l  be influenced by such f ac to r s  as: 

(1) Restraint  of vapor ul lage 

('2) Heat-transfer process and associated f l u i d  dynamics 

( 3) Localized heat leaks 

(4 )  F lu id  cha rac t e r i s t i c s  

(5) Vessel shape 

The importance of t he  w a l l  drying w i l l ,  of course, depend on t h e  pa r t i cu la r  
It is probable, however, t h a t  t h e  heat t r ans fe r ,  pres- system being considered. 

sur izat ion,  and venting cha rac t e r i s t i c s ,  f o r  example, may be Strongly affected.  

Agitation of s t r a t i f i e d  f l u i d .  - It has been postulated t h a t  miscellaneous 
perturbations r e su l t i ng  from such th ings  as accelerat ions from t r a j e c t o r y  correc- 
t i ons ,  pump v ibra t ions ,  and equipment operation may preclude t h e  formation of 
thermal gradients. Possible r e s u l t s  from ag i t a t ion  of s t r a t i f i e d  f l u i d  a r e  indi-  
cated i n  f igure 20. The curves represent a pressure r i s e  of a f l u i d  i n  a closed A 
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container with and without thermai equilibrium. 
p e s s u r e  i n  a thermally s t r a t i f i e d  vessel  might follow a path s imi la r  t o  AB 
' (pressure  drop r e su l t i ng  from mixing, which eliminated thermal s t r a t i f i c a t i o n ) .  
Such a r e s u l t  was  obtained i n  reference 26 f o r  an experiment with l i qu id  nitrogen 

Near t h e  end of two of the Aerobee zero-gravity f l i g h t s ,  
ag i t a t ion  of the  f l u i d  resu l ted  not i n  a pressure drop but i n  a pressure rise, 
such a s  indicated by path AD i n  f igure  20. 
t a t e d  by t ipp ing  t h e  vehicle end; i n  the  other,  co l lec t ion  rockets  were f i r e d ,  
which drew the  l i q u i d  hydrogen t o  the  bottom of t h e  vessel. 
t o  t h e  mixing, about one-half the area of t he  tank wa l l s  had dr ied  and thus 
warmed above the  l i qu id  hydrogen temperature. 
o r  splashed against  t h e  hot vessel  wall (100' t o  200' R ) ,  t he re  was Fmmediate vit- 

porizat ion of some f l u i d  r e su l t i ng  i n  a pressure r ise above t h e  normal s t r a t i f i e d  
l i qu id  path AC ( f i g .  20) .  O f  course, a f t e r  suf f ic ien t  ag i t a t ion ,  t h e  tank pres- 
sure would r e t u r n  t o  a point on the  thermal equilibrium l ine .  The r ise i n  pres- 
sure due t o  the  vaporization of hydrogen is shown i n  f igure  2 1  f o r  the  two Aero- 
bee experiments previously mentioned. For the  experiment i n  which the  vehicle  
was t ipped over u n t i l  the  telemetry measurements were cut o f f ,  an 18-percent r i s e  
i n  pressure was obtained, which represented a t i m e  period of about 20 seconds. 
I n  the  experiment where the  f l u i d  co l lec t ion  rockets were f i r e d ,  a 13-percent 
r i s e  i n  pressure was obtained i n  45 seconds. Additional mixing then s u f f i c i e n t l y  
reduced t h e  s t r a t i f i c a t i o n  i n  the  l i qu id  t o  e f fec t  a drop i n  tank pressure. From 

weightless environment i s  not ea s i ly  eliminated. After an i n i t i a l  disturbance of 
a s t r a t i f i e d  f l u i d  i n  a p&iy dried tank, a considerable pressure r i s e  is  ob- 
ta ined as a r e s u l t  of t he  l i qu id  sloshing up against  t h e  hot tank walls. 
calculat ion of t h e  heat  capacity of t he  dry vessel w a l l  area,  it was found t h a t  
most of t h e  heat was absorbed by evaporation o f  l i qu id  hydrogen. In  a pressur- 
ized tank design where vesse l  walls m a y  be an order of magnitude heavier than 
those used i n  t h e  present experiment, drying o f  t he  container walls would r e s u l t  
i n  a proport ionately grea te r  pressure r i s e  or venting requirement. 

With su f f i c i en t  ag i t a t ion  t h e  

. i n  a 1-g environment. 

The f l u i d  i n  one experiment was agi-  

A t  any rate, p r i o r  

When t h e  l i qu id  hydrogen moved up 

' these  data it would appear t h a t  thermal s t r a t i f i c a t i o n  of a cryogenic f l u i d  i n  a 

.' 
From a 

Effect  of s t r a t i f i c a t i o n ,  sloshing, and agi ta t ion.  - Some of t h e  possible  
zero-gravity e f f e c t s  on a f l u i d  s torage system can be i l l u s t r a t e d  by considering 
the  previously discussed s t r a t i f i c a t i o n ,  sloshing, and ag i t a t ion  phenomena i n  a 
closed vessel.  Figure 22 indicates  t he  pressure h i s to ry  of a cryogenic storage 
tank during vehicle  coast with heat addition, engine p rea t a r t  cycle, and engine 
f i r i ng .  During t h e  heat-addition period, the container pressure r i s e s  along t h e  
path AB f o r  t he  ideal ized assumption of thermal equilibrium. The pressure does 
not change during t h e  short  p re s t a r t  period BC. During engine f i r i n g ,  t h e  ideal-  
ized vesse l  pressure drops along path CD. I n  t h e  ac tua l  case, heat addi t ion i n  
zero gravi ty  is accomplished with thermal s t r a t i f i c a t i o n ,  which would r e s u l t  i n  a 
higher pressure r i s e  a l o e  path AF. The pressure at  F i s  i n  excess of t h e  maxi- 
mum allowable as d ic ta ted  by tank s t r e s s  l l m i t ;  and therefore  t h e  vesse l  would 
require  venting along path EF t o  maintain the pressure within t h e  maxhum value, 
During t h e  coast  cycle it was  assumed the  vessel  walls dr ied out i n  a manner 
simiias t o  t h a t  obtained i n  %he Aerobee experiments. 
tank walls during the  engine p re s t a r t  cycle would r e s u l t  i n  an addi t iona l  pres- 
sure r i s e  represented by path FG a s  t h e  l iqu id  is  vaporized. 
t a t e  addi t iona l  venting t o  keep t h e  vesse l  pressure within the  allowable l i m i t .  
On engine f i r i n g  then, the  pressure would drop sharply, as  along path GH, if the  

Sloshing against  t he  hot 

This would necessi- 

k 

b 
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resu l tan t  ag i ta t ion  was assumed t o  be suf f ic ien t  t o  e s t ab l i sh  a condition of 
thermal equilibrium. Pressurization gas may now be required t o  r e s t o r e  t h e  tan&. 
pressure t o  t h e  l e v e l  a t  C, t o  prevent too  low a value being obtained during t h e '  
engine f i r i n g  cycle. me ac tua l  venting and pressurizat ion requirements f o r  
large-scale storage systems a r i s ing  from these zero-gravity e f f e c t s  are not 
known. However, from t h e  t rends indicated by t h e  Aerobee experiments, major 
losses  may r e s u l t  from f l u i d  s t r a t i f i c a t i o n ,  sloshing, and ag i t a t ion  i n  the  zero- 
gravi ty  environment. 

The possible magnitude of propellant losses  a r i s ing  from storage i n  a 
weightless environment is i l l u s t r a t e d  by t h e  following calculat ion:  Assume t h a t  
(1) a 9-inch-diameter sphere is ( 2 )  f i l l e d  35 percent with l i qu id  hydrogen and is  
(3) heated t o  raise the  pressure from 15 t o  60 pounds per square inch f o r  homoge- 
neous mixing. The r e s u l t s  are: 

Venting loss due t o  thermal s t r a t i f i c a t i o n  r e su l t i ng  i n  

Venting loss due t o  pressure r i s e  caused by l i qu id  sloshing against  

Pressurization gas required by ag i t a t ion  and elimination of 

excessive pressure r i s e  (EF) ( f i g .  2 2 ) ,  percent . . . . . . . . . . . . . .  3.5 

t h e  hot, dry container wall ( F G )  ( f i g .  22 )  , percent . . . . . . . . . . . .  1 . 7  

s t r a t i f i c a t i o n  ( H C )  ( f i g .  22), percent . . . . . . . . . . . . . . . . . .  0.1 
Total losses (based on propellant tank capacity),  percent . . . . . . .  5.3 

Liquid posi t ion control. - The foregoing discussion points  out t h e  relevance 
of  l iqu id  posi t ion within the  tank t o  heat t r ans fe r ,  thermal s t r a t i f i c a t i o n ,  and, 
pressure r i s e .  From t h e  drop-tower invest igat ion of surface-tension cont ro l  de- 
vices  described previously, indicat ions were t h a t  a properly proportioned stand- 
pipe i n  a tank could be used t o  control  t h e  l i qu id  posit ion.  Selected frames 
from a high-speed movie sequence a re  presented i n  f igure  23, which shows t h e  be- 
havior of e thyl  alcohol contained i n  a 5-inch-diameter cy l ind r i ca l  tank. The 
cen t r a l  tube diameter w a s  l e s s  than one-half t he  tank diameter, which corresponds 
t o  a condition i n  which l i qu id  r i s e s  i n  the  tube ( f ig .  3).  
between successive frames is  about 0.2 second. 

The time increment 

Although d e t a i l s  such as liquid-vapor in te r face  and the  graduated sca l e  ad- 
jacent t o  t h e  tank a r e  not c lear ,  it i s  evident t h a t  t he  l i qu id  motion passed 
through d i s t inc t  phases. 
curred, the i n i t i a l  phase was  a formation of pronounced meniscuses both i n  t h e  
cen t r a l  t u b e  and the  annular region. 
t he  annular region appeared t o  reach the maximum of a s l i g h t l y  osc i l l a to ry  motion 
i n  frame ( e )  and receded s l i g h t l y  i n  frame (d) as l iqu id  began t o  r i s e  i n  t h e  
tube. Frames ( e )  t o  ( k )  span t h e  progressive r i se  of l i qu id  i n  t h e  tube with t h e  
formation of a s l i g h t l y  convex meniscus i n  t h e  tube i n  frame ( k ) .  The k ine t i c  
energy of t h e  moving l i qu id  vas suf f ic ien t  t o  cause a reversa l  i n  the  meniscus 
(from concave t o  convex) but apparently was not of suf f ic ien t  magnitude t o  over- 
come t h e  potent ia l  r ise incurred should t h e  l i q u i d  overflow. Termination of free 
f a l l  was apparently reached i n  frame ( 2 )  accompanied by a r i s e  i n  g-level suffi- 
cient  t o  disturb the  l e s s  s t ab le  annular meniscus, but insuf f ic ien t  t o  accelerate  
t he  l iquid within t h e  tube. A t  any r a t e ,  t he  movement of t h e  l i qu id  i n  t h e  cap- 
i l lary tube was similar t o  t h a t  shown within t h e  sphere i n  figure 4 where the  
dominant force is  t h a t  of surface tension. 

In  frame (b )  where perceptible movement has already oc- 

The meniscuses and t h e  t h i n  f i l m  r i s i n g  i n  
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I n  an e f fo r t  t o  simulate environmental conditions more c lose ly  with longer 

, . ge r iods  of weightlessness, similar experiments were repeated i n  an a i rp lane  ma- 
.neuver and i n  a b a l l i s t i c  Aerobee rocket f l igh t .  I n  the  airplane maneuver, about 

10 seconds of low gravi ty  were obtained, and i n  the Awrobee f l i g h t ,  severa l  min- 
utes  of near-zero gravi ty  were accompanied by heat t r ans fe r  a t  t h e  f l u x  l e v e l  of 
250 Btu per  hour per foot  squared. Movie sequences taken of t h e  airplane experi- 
ment are shown i n  f igures  24 and 25. Two cyl indr ica l  tanks 5 inches i n  diameter 
with a convex hemispherical cap on one end, as viewed by t h e  l iqu id ,  and a nearly 
conical dome on t h e  other were ha l f - f i l l ed  with e thyl  alcohol. 
contained a cen t r a l  tube with s. diameter of  l e s s  than one-half t h e  tank diameter. 
The lower, tubeless  tank was  used f o r  comparison. A sketch i s  included t o  show 
t h e  general shape and r e l a t i v e  loca t ion  of the two tanks. I n  both sequences, t h e  
tank axes were i n i t i a l l y  horizontal ,  a departure from t h e  drop-tower experiment 
shown i n  f igure  23,  but analagous t o  a case shown i n  f igure  4. Frames ( a )  and 

( b )  of f igure  24 correspond t o  the  2--g pullup maneuver p r io r  t o  enter ing the  

zero-gravity t r a j e c t o r y  ( see  r e f .  35). Successive frames a re  approximately 
1 second apar t ,  and frames ( e )  t o  (i) are  periods of decreasing gravity. 
t i a l  accelerat ion imparted t o  t h e  system favored the  movement of l i qu id  toward 
the  conical end of  t h e  tank. T h i s  i n i t i a l  acceleration w a s  apparently of small 
magnitude inasmuch as the  r e su l t i ng  motion damped out s u f f i c i e n t l y  t o  y i e ld  an 
e s sen t i a l ly  s t a t i c  configuration within 5 seconds, frames ( j )  t o  ( 0 ) .  

The flow of l i qu id  
i n t o  the  c e n t r a l  tube i s  c l e a r l y  v i s i b l e  from frames ( n )  t o  ( s ) .  

The upper tank 

1 
2 

An hi- 

This time 
' i s  consistent with t h e  analysis  presented i n  reference 18. 

A qua l i t a t ive  comparison between the  upper and lower tanks i n  these  frames 
shows l i t t l e  tendency f o r  t he  cent ra l  tube t o  posi t ion t h e  external  l i qu id  i n  any 
way la rge ly  d i f f e ren t  from t h e  tubeless  tank. 
ered t o  be one of minimm f r e e  surface energy. The path of l i qu id  motion from 
t h e  1-g t o  t h e  f i n a l  zero-gravity configuration i s  progressively decreasing i n  
f r e e  surface energy, as shown by t h e  broken l i ne  A i n  sketch ( e )  (p. 2 6 ) .  The 
f i l l i n g  of t he  tube i s  a fu r the r  tendency toward a minimum taken along a path i n  
which l i qu id  i s  extracted from the  surrounding layer  thus thinning t h e  layer  but 
not pul l ing the  l i qu id  away from the  w a l l s .  This would incur a r i s e  i n  system 
f r e e  surface energy. 

.' 

This configuration m a y  be consid- 

Results from another f l i g h t  of the  same experiment a r e  shown i n  f igure  25. 
The i n i t i a l  o r ien ta t ion  and time sca le  were similar t o  those of f igure  24. The 
path of energy change accompanying the  l iquid motion was apparently qui te  d i f f e r -  
ent .  
consequently, t h e r e  was no flow of l iqu id  into the  cap i l l a ry  control  tube. The 
convex hemispherical caps of both t h e  upper and lower tanks remained uncovered 
(e.g., see frame (r)). Consideration of t he  free surface energy change leads t o  
t h e  conclusion t h a t  covering the  hemispherical cap with a convex l iqu id  layer  in-  
volves a r e l a t i v e l y  la rger  increase i n  

i n  dAz/s. 
f r e e  surface energy, as  shown by point B i n  sketch ( e )  ( p .  26). The r e l a t ive  
minimum condition was at ta ined by both tanks i n  f igure 25  resu l t ing  i n  a l i qu id  
configuration wherein the presence of  t he  capi l lary tube had no e f f ec t .  

There ex is ted  no l i qu id  layer  connecting t h e  tube and external  l iqu id ;  and 

dAz/v than the  corresponding decrease 
The r e s u l t  i s  a r e l a t ive ly  minimum condition i n  the change of system 

A more r e a l i s t i c  environmental experiment with t h e  cap i l l a ry  cont ro l  tube i s  
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represented by i t s  use i n  the  g-inch-dimeter sphere i n  an Aerobee f l i g h t ,  as 
pictured i n  figure 26, where simultaneous i n e r t i a ,  surface-tension, and heat- d .  
t r ans fe r  forces  were present. 
period, the l i qu id  hydrogen is wetting a l l  t he  walls of t h e  spherical  container,  
and t h e  control device i s  almost empty. 
evidenced by r e f l ec t ions  of l i g h t  off t h e  surface. S l igh t  l i g h t  r e f l ec t ions  a r e  
v i s i b l e  i n  f igure  26(b),  a f t e r  48 seconds of zero gravity.  After 194  seconds of 
weightlessness ( f ig .  26(c) ) ,  t h e  c a p i l l m y  control  device i s  about f u l l ,  but a l l  
t h e  container-wall temperature measurements s t i l l  ind ica te  liquid-wetted walls.  
Drying of t he  vesse l  walls f irst  s t a r t e d  a t  about 200 seconds of low gravi ty ,  
which was somewhat longer than t h e  time obtained i n  experiments without t h e  cap- 
i l l a ry  control device. 
ilar liquid-positioning device is described i n  reference 15, where alcohol wsts 
successfully control led during most of t h e  low-graviky t i m e .  

I n  f igure  26 (a ) ,  t h e  start of t h e  weightlessness 

Liquid i n  t h e  cap i l l a ry  cont ro l  can be 

. 

Another experiment i n  t h e  MA-7 o r b i t a l  f l i g h t  with a s i m -  

The r e s u l t s  of t h e  airplane and rocket experiments show that consideration 
of t h e  system free surface energy leads t o  a c learer  understanding of l i qu id  be- 
havior during weightlessness. 
companying change i n  system f r e e  surface energy occurs should not be neglected. 
Where the  f r e e  surface energy decreases progressively from an i n i t i a l  level t o  a 
f i n a l  leve l  with no external  disturbance, t h e  path of motion may be unique, t e r -  
minating a t  t h e  absolute minimum. 
ceases at  t h i s  point above the  absolute minimum. I n  t h e  case of a near ly  sta- 
t ionary  condition i n  t h e  var ia t ion  of f r e e  surface energy such as curve C i n  
sketch (e)  page 26, l i qu id  motion may be exceedingly slow without being abso- 
l u t e l y  s t a t i c .  
by external disturbances beyond which a progressively decreasing energy path w i l l  
lead toward an absolute minimum (see curve D i n  sketch ( e )  p. 2 6 ) .  

The path along which t h e  l i qu id  motion and t h e  ac- 

If t h e  path has a r e l a t i v e  minimum, motion 

A nearly s ta t ionary  or r e l a t i v e  minimum condition may be rcjumpedy" 

Propellant outflow. - U s e  of l i qu id  hydrogen as a propellant w i l l  probably 
necessi ta te  t h e  ult imate emptying of t h e  storage vessel.  
attempted i n  a low-gravity environment. 
t i v e  s t a b i l i t y  of  t h e  liquid-gas interface.  Localized ve loc i ty  gradients may re- 
s u l t  i n  i n e r t i a l  forces  higher than surface-tension forces  and thus propellant 
vapor pullthrough t o  t h e  l i qu id  pumps. 
been performed t o  shed l i g h t  on such a poten t ia l ly  dangerous poss ib i l i ty .  Re-  
s u l t s  of some t e s t s  a r e  shown i n  f igures  27 t o  29. 
c a l  shaped 125-mi l l i l i t e r  vessel  through a 1/4-inch l i n e  during a zero-gravity 
simulation i n  a drop-tower t e s t  i s  pictured i n  f igure  27. The liquid-vapor sur- 
face i s  not ser iously deformed during the  e n t i r e  l i qu id  discharge. A similar 
t e s t  i n  a 100-mi l l i l i t e r  sphere with a cy l indr ica l  standpipe i s  pictured i n  f ig -  
ure 28 (configuration s i m i l a r  t o  t h a t  i n  f i g .  4 ) .  
t he  l iquid nearly f i l l s  t h e  standpipe and posi t ions the  remaining f l u i d  at t h e  

the  l/$-inch discharge l i n e  is  opened and d i s to r t ion  of t he  liquid-vapor in t e r -  
face is  c lear ly  evident i n  both the  standpipe and t h e  spherical  base ( f i g .  
28(j)). 
pullthrough i n  f igure  28(n).  
standpipe or the  sphere i s  a function of pressure d i f f e ren t i a l ,  discharge veloc- 
i t y ,  and hole s ize  a t  the  base of the standpipe. A t  any r a t e ,  t h e  design of such 
a space storage vessel  would be governed by the  l i qu id  requirement f o r  engine 

I n i t i a l  outflow may be 
An important consideration i s  t h e  r e l a -  

Several l i qu id  outflow experiments have 

Liquid discharge from a coni- 

A t  t h e  i n i t i a t i o n  of t he  drop, 

I vessel  base ( f i g .  28, frames (b )  t o  ( i ) ) .  After 1 . 7  seconds of weightlessness 

The r e l a t i v e l y  high veloci ty  i n  the  discharge l i n e  resu l ted  i n  vapor 
Preferen t ia l  discharge of propellant from the  
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f i r i n g  and consequent gravi ty-f ie ld  attainment, which would then posi t ion the  
f l u i d  i n  t h e  vessel .  

'.-*'shown i n  f igure 29 from a drop-tower experiment conducted a t  Convair Astronau- 
t i c s .  The simulated flow requirement out of the model hydrogen storage vesse l  
resu l ted  i n  high localized veloci ty  gradients, which s e t  up i n e r t i a l  forces .  
Premature vapor pullthrough occurred, as is  clear ly  evident i n  t h e  f igure.  Be- 
cause it w a s  not possible t o  change e i the r  the flow rate o r  t h e  tank geometry, 
it was necessary t o  r e so r t  t o  ullage rockets t o  control  t he  liquid-vapor in t e r -  
face during t h e  engine p re s t a r t  sequence. From these experiments, it is apparent 
t h a t  a wetting f l u i d  l i k e  l i qu id  hydrogen can be discharged from a storage vesse l  
i n  a low-gravity environment, but carefu l  consideration must be given t o  vessel  
geometry and discharge ve loc i t ies .  

Liquid discharge from a model cy l indr ica l  storage tank i s  

Fundamental and applied experimentation. - From t h e  foregoing discussion, it 
i s  apparent t h a t  a considerable chasm ex i s t s  between t h e  study of fundmnental and 
applied problems i n  a weightless environment. Separate examination of f l u i d  
charac te r i s t ics  i n  zero gravi ty  such as heat t r ans fe r ,  surface tension, or flow 
dynamics can be qui te  misleading when an attempt i s  made t o  apply these r e s u l t s  
t o  a space vehicle where many combined forces a r e  ac t ing  simultaneously. mi- 
dence of t h i s  i s  apparent from work of other researchers as w e l l  as t h a t  per- 
formed a t  t h e  L e w i s  Research Center. It may be appropriate t o  i l l u s t r a t e  some 
examples of t h e  fundamental zero-gravity experimentation and how t h e  subsequent 
conclusions were a l t e r ed  i n  t h e  l i g h t  of addi t ional  applied s tudies .  
of heat t r a n s f e r ,  several  experiments were performed t h a t  indicated decreasing 
bubble ve loc i ty  during boi l ing  as the  gravity f i e l d  was reduced (e. g., refs. 8 

From t h i s  work, it was log ica l  t o  reason that, i n  zero gravity,  a vapor 
blanket would envelop any heated surface and the  heat-transfer coef f ic ien ts  would 
change dramatically. I n  reference 20 with l iquid hydrogen and i n  reference 2 1  
with l i qu id  nitrogen, it was demonstrated that t h i s  d id  not occur, but t h a t ,  i n  
e f f ec t ,  t h e  nucleate boi l ing  heat-transfer coeff ic ients  seemed t o  be independent 
of body forces .  The data  obtained i n  t h e  Aerobee experiments appear t o  corrobo- 
r a t e  t h i s  f inding. The lack of importance of t h e  na tura l  convective forces i n  
t h e  t o t a l  heat-transfer process i n  zero gravity i s  discussed i n  references 18 
and 20. 
vesse l  wall t o  t he  liquid-gas interface is not c l e a r l y  understood. A t  any r a t e ,  
it has been infer red  from t h e  preceding discussion t h a t  knowledge t h a t  t h e  walls 
w i l l  be l i qu id  wetted and t h a t  the heat-transfer coef f ic ien ts  are not affected by 
body forces  does not i n  i tsel f  permit an engineer t o  design a cryogenic storage 
system t h a t  w i l l  operate e f f i c i en t ly  i n  a weightless environment. Some key fac- 
e t s  were not rea l ized  u n t i l  t h e  attempt was made t o  s to re  the  l i qu id  under sev- 
eral minutes of weightlessness simultaneously with t h e  addi t ion of heat. 
then were t h e  thermal -s t ra t i f ica t ion  charac te r i s t ic  and t h e  wall-drying tendency 
revealed. 

In  the  area 

-' and 24) .  

However, t h e  exact mechanism by which t h e  heat  i s  transported from t h e  

Only 

Further evidence of t h e  need f o r  adequate environmental simulation is  t h e  
proposal of t h e  use of surface-tension forces as a so lu t ion  f o r  t he  l iquid-  
posit ioning problem. Consideration of surface-tension theory and t h e  minimum- 
energy pr inc ip le  l ed  Ta L i  ( r e f .  2s) t o  propose t h e  "standpipe" corf lw-at ion as 
a means of control l ing t h e  ul lage space. 
2-second drop tower l ed  t o  t h e  liquid-positioning device i n  f igure  6. 
where boi l ing  may create  vapor pockets dispersed through t h e  l i qu id  or vehicle 

Similarly, experimentation i n  the  Lewis  
However, 

Y 
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orientat ion maneuvers r e s u l t  i n  i n e r t i a l  forces  far greater  than those of surface 
tension ( r e f .  31), re l iance  on such devices, without invest igat ion under simulta- 
neous action of a l l  environmental conditions, must be weighed careful ly .  
discussion may be found i n  reference 18, pages 35 and 36. 

Furthe?!. ’ 

Environmental simulation. - Study of any space storage problem under condi- 
t i o n s  short of complete environmental simulation i s  going t o  require  some extrap- 
o l a t ion  from a given l eve l  of understanding. This d i f f i c u l t y  i s  i l l u s t r a t e d  i n  
the  following l i s t ,  which i s  indicat ive of some fac to r s  t h a t  must be considered 
f o r  t h e  storage of a cryogenic f l u i d  i n  a zero-gravity environment: 

(1) Size of experiment 

( 2 )  Shape o r  geometry 

(3)  Time 

( 4 )  Heat f lux l e v e l  

(5)  Fluid disturbance 

( 6 )  Vessel surface condition 

( 7 )  Vessel f i l l i n g  

(8)  Fluid charac te r i s t ics  

( 9 )  Discharge of f lu id  

(10) Vessel pressurizat ion 

Size of the experiment i s  mentioned f i rs t  because it i s  perhaps the  most obvious 
question tha t  a r i s e s  i n  t ry ing  t o  apply recent s tudies  t o  space applications.  
Liquid hydrogen storage vessels  with diameters as large as 30 f e e t  a r e  being con- 
templated; however, i n  a 1-second f r e e - f a l l  f a c i l i t y ,  zero-gravity research with 
l i qu id  hydrogen l i m i t s  t h e  container s i ze  t o  the  1-inch regime (see f i g .  8 ) ;  t he  
Aerobee nose cone l imited t h e  experiment t o  a 9-inch diameter. A considerable 
need exists f o r  a method of extrapolating laboratory s tudies  t o  more meaningful 
s izes .  As indicated previously i n  the  scal ing discussion, t h e  theory has been 
developed f o r  scal ing the  osc i l l a t ion  o r  damping time of a spherical  globule, a l -  
though t h i s  work i s  l a rge ly  unchecked. However, t he  method of scal ing damping 
charac te r i s t ics  i n  a closed container, allowable accelerat ion of a f r e e  surface,  
o r  thermal s t r a t i f i c a t i o n  pat terns ,  and many other questions are not understood 
i n  t h e  small-scale regime i n  a weightless environment, much less t h e  method of 
extrapolation t o  t h e  large tank s i z e .  

The importance of tes t  time becomes c l ea r  when one r ea l i zes  t h a t  t h e  major- 
i t y  of experimentation has been done i n  t h e  1-second area  with a s m a l l  effor t  i n  
t h e  minute regime by the  use of sounding rockets.  Ef fec ts  of weightlessness on 
f l u i d  storage f o r  several  days time i n  t h e  lunar mission or  several  months time 
f o r  t he  Mars mission must be understood before f l u i d  storage systems can be de- 

* 
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signed. The wall-drying and thermal-stratif ication phenomena could not have been 
observed i n  1-second t e s t i n g  f o r  example. What new problems may a r i s e  when t h e  

.*+ero-gravity time i s  extended several  orders of magnitude remains t o  be seen. 
However, long t i m e  weightlessness may not have as many problems as once supposed, 
f o r  example, t h e  concern t h a t  a l iqu id  would ult imately break in to  many small 
droplets  ( r e f .  36) may be unfounded, as evidenced by t h e  o r b i t a l  experiment de- 
scribed i n  references 15 and 37. The MA-7 spacecraft f l i g h t  included a t e s t  t h a t  
consisted of a 3.3-inch-diameter spherical  vessel  p a r t l y  f i l l e d  with a wetting 
f lu id .  In  the  low-gravity f l i g h t  time i n  excess of 4 hours, t h e  liquid-vapor in-  
t e r f ace  was s t ab le  and t h e  l i qu id  configuration was s imi la r  t o  zero-gravity t e s t s  
performed i n  t h e  drop tower. 

Related t o  the  problem of zero-gravity t e s t  time i s  t h e  heat- t ransfer  leve l .  
Short t e s t  times necessi ta te  high heat-flux levels  i n  order t h a t  measurable tem- 
perature gradients are  obtained. With the Aerobee-type experiment, the  3-minute 
zero-gravity time permits a heat-transfer leve l  of perhaps 100 Btu per hour per 
foot squared with a resu l t ing  temperature gradient of 1.00 R (see f i g .  10) .  For 
cryogenic storage on the  lunar mission, with insulated tankage, f o r  example, a 
f l u x  l e v e l  severa l  orders of magnitude below t h i s  would be encountered. 
t i a l l y ,  a t  l e a s t ,  t h e  en t i r e  heat-transfer process would be a l t e r ed  with emphasis 
on the  conduction instead of t he  boi l ing  range ( see  r e f .  38). To obtain meaning- 
f u l  measurements a t  such low heat-transfer levels would require  weightlessness 

In i -  

. t e s t  times far longer than those presently obtainable. 

A study of t h e  motion pictures  of the 9-inch-diameter spher ica l  tank used i n  
.,the Aerobee zero-gravity experiments seemed t o  ind ica te  t h a t  currents of t he  
forced-convection type m a y  have been set up within t h e  f l u i d  as a r e s u l t  of t h e  
heat- t ransfer  process. In  addition, as discussed previously, l i qu id  motion or  
perturbations present i n  t h e  f l u i d  could hinder t h e  successful operation of a 
cap i l l a ry  control  device f o r  posit ioning t h e  l iqu id  i n  zero gravity.  From t h e  
analysis  represented i n  f igure  7(a) and reference 18, many hours may be required 
t o  damp out f l u i d  motion i n  a large tank exis t ing i n  a weightless environment. 
However, t he  nature of t h e  f l u i d  motion ar is ing from heat- t ransfer  forces ,  f o r  
example, i s  not understood, much l e s s  t he  influence of geometry, s ize ,  or time on 
the  process. 

Conditions of t h e  cryogenic storage vessel surface can have important e f -  
f e c t s  on t h e  weightless charac te r i s t ics  of f l u i d s .  I n  reference 39, it i s  demon- 
s t r a t e d  t h a t  surface cleanl iness  can have an order-of-magnitude e f f ec t  on the  
heat-flux leve ls  obtained f o r  l i qu id  hydrogen a t  a given temperature difference.  
Tests i n  t h e  drop tower and t h e  Aerobee rocket ind ica te  l i qu id  hydrogen exhibi t -  
ing cha rac t e r i s t i c s  of a wetting f lu id .  Yet i n  reference 19, t he  contact angle 
was measured t o  be 80° t o  90°, a near neutral  value. 
condition must play an important par t  i n  these r e s u l t s .  The profound e f f ec t  t h a t  
contact angle can have on the  zero-gravity configuration of a f l u i d  i s  delineated 
i n  reference 12. 

It i s  f e l t  t h a t  surface 

A s  indicated i n  reference 39, t he  heat Input  t o  t h e  f l u i d  f o r  a give= heat. 
load on t h e  spherical  container walls var ies  d i r e c t l y  with t h e  diameter. 
ever, as thermal equilibrium probably does not exist i n  a zero-gravity environ- 

How- 

ment, t he  heat- t ransfer  charac te r i s t ics  will be strongly a f fec ted  by t h e  ul lage 
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(see re f .  36).  With greater  l i qu id  f i l l i n g ,  r e s u l t s  of t h e  present study indi-  
ca te  t ha t  the  liquid-gas in te r face  condition w i l l  cause a l a rge r  deviation from 
t h e  thermal equilibrium assumption. 
sur izat ion requirements. In addi t ion,  t h e  degree of f i l l i n g  can a f fec t  t h e  
weightless configuration of t he  f l u i d  ( r e f .  12), drying of the  vessel  walls, 
damping character is t ics ,  vapor entrainment, and so for th .  

. 

This can r e s u l t  i n  heavier venting and presi. 

From t h e  foregoing discussion then  it i s  apparent t h a t  a number of f ac to r s  
must be considered t o  perform def in i t ive  experimentation of l i qu id  hydrogen i n  a 
zero-gravity environment. 

SUMMARY OF RESULTS 

Zero-gravity s tudies  of l i qu id  hydrogen and other wetting f l u i d s  have l e d  
t o  several  conclusions regarding the  use of t h i s  propellant f o r  space applica- 
t i ons .  Where intermolecular forces  are dominant, l i qu id  hydrogen w i l l  I n i t i a l l y  
w e t  t h e  walls of i t s  container and probably remain i n  a homogeneous m a s s  ins tead 
of breaking in to  droplets  even on long time exposure t o  low gravity.  
t i o n  of the l iqu id  can be influenced by cap i l l a ry  devices, and the  nucleate boi l -  
ing heat  t r ans fe r  process i s  not s ign i f i can t ly  affected by natural convection. 
U s e  of l iquid hydrogen i n  a space storage system, however, can be complicated by 
t h e  addition of i n e r t i a l  or heat-transfer forces ,  f o r  example. Heat t r ans fe r  t o  . 
a closed container s t a r t ed  t o  dry the  l i qu id  hydrogen wetted w a l l s  i n  a r e l a -  
t i v e l y  shor t  time period. The heating process resu l ted  i n  thermal s t r a t i f i c a t i o n  
and an  abnormally high pressure-rise r a t e .  Agitation of t h e  f l u i d  did not de- . 
s t r o y  the thermal gradients but d id  r e s u l t  i n  a considerable pressure r ise as t h e  
cold hydrogen sloshed against  t h e  hot container w a l l .  
it was demonstrated t h a t  a vesse l  could be emptied of l i qu id  without serious d is -  
t o r t i o n  of t he  liquid-vapor interface,  b i t  only with consideration given t o  flow 
ve loc i ty  and vessel  shape. 

The posi- 

From tank outflow tests,  

Direct appl icat ion of t h e  l i qu id  hydrogen research work t o  system design i s  
The need f o r  d i f f i c u l t  because of t he  lack of adequate sca l ing  understanding. 

sca l ing  from model and short  t i m e  s tudies  t o  large-scale vessels  f o r  t he  long 
weightlessness times i s  espec ia l ly  acute because of t h e  d i f f i c u l t y  of zero- 
g rav i ty  environmental simulation. From these experiments, it has become c lear  
t h a t  careful  design e f f o r t s  w i l l  be required f o r  t h e  successful storage and han- 
d l ing  of l iqu id  hydrogen i n  a low-gravity environment. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, March 14,  1963 
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A€'F")IX A 

FREE SURFACE ENERGY TREORY 

The f r e e  surface energy of a system consisting of l i qu id  t o  vapor, vapor t o  
so l id ,  and l i qu id  t o  so l id  interfaces  may be wri t ten as 

where 

E system f r e e  surface energy 

ul/v,uv/s,ol/s l i qu id  t o  vapor, vapor t o  solid,  and l i qu id  t o  solid i n t e r f a c i a l  
tensions,  respect ively 

A i n t e r f a c i a l  area 

For a v i r t u a l  change of incremental s ize ,  

= Ol/v + %/s %/s + Ol/s % / s  (A21 

From physical reasoning, a moving l i qu id  t o  vapor in te r face  es tab l i shes  the  con- 
.,clition %Is = -dAz/s. 

,-* Motion of in te r face  

Solid = -dAlls 

( d )  

Subst i tut ing and co l lec t ing  terms y ie ld  

or 



From  up& s equations, 

-cos e O l / s  - %/s - 
O l  /v 

where e i s  the  cha rac t e r i s t i c  contact angle. Therefore, 

d E = a  - cos e dA ) 
2 /v ( 2 /v 11s 

r 

(A5 1 

For t h e  f l u i d  configuration t o  change, it i s  required t h a t  dE be negative, o r  
decreasing. When a l i qu id  i s  t o t a l l y  wetting (cos e = l), motion of t h e  l i q u i d  
can proceed as long as dAz/s > dAzlv. 

When a l i qu id  i s  t o t a l l y  nonwetting (cos e = -l), l i qu id  motion proceeds 
along a path t h a t  y ie lds  a net  decrease i n  the  l i qu id  t o  vapor and l i qu id  t o  
s o l i d  interface areas. 

When cos 0 = 0, the  l i qu id  t o  so l id  in t e r f ace  is immaterial. The path of 
l i q u i d  motion tends t o  minimize the  l i qu id  t o  vapor in t e r f ace  with t h e  in te r face  
contacting t h e  s o l i d  surface a t  r i g h t  angles. 

A schematic diagram of the  system f r e e  surface energy as a function of f luid-  
configurations may be shown along various paths as follows: 

(1) A progressively decreasing path A defines a unique absolute minimum. 

Fluid configuration 

( 2 )  A r e l a t i v e  minimum path B can i n h i b i t  fu r the r  configuration changes to -  
ward t h e  absolute minimum. 

(3)  A nearly s ta t ionary  condition as shown by path C r e s u l t s  i n  exceedingly 
slow motion. 

It i s  in te res t ing  t o  note t h a t  Of a t o t a l l y  wetting l i qu id  . 
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( cos  8 = 1) yie ld  the condition where dAziv = dAz/s: from equation (A5) ,  such a 
.condi t ion  leads t o  dE -+ 0 or  nearly s ta t ionary motion. 

External distwbances,  k ine t ic  energy, or other energy inputs could force 
~ 

1 
the  f l u i d  configuration t o  lljump" beyond the  r e l a t ive  minimum or nearly s ta t ion-  
a ry  condition thus permittirLg f l u i d  motion t o  reach t h e  absolute minimum. 

I n  t h e  absence of energy inputs,  f l u i d  motion that tends t o  raise t h e  system 
f r e e  surface energy i s  not possible.  

i 
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APPENDIX B 

SOME THEORY OF SCALING 

Analysis of t he  motion of  l iqu ids  i n  zero gravi ty  becomes d i f f i c u l t  because 
t h e  l iquid has complete mobili ty unconstrained by gravi ta t iona l  forces  and a con- 
f in ing  boundary along the  liquid-vapor interface.  For a closed system i n  a 
weightless environment, energy functions such as surface convolutions, heat in-  
put,  f r i c t ion ,  random accelerat ions,  and s m a l l  sustained accelerat ions have rela- 
t i v e l y  s ignif icant  e f fec ts  on t h e  overa l l  l i qu id  motion. 

The period of  o sc i l l a t ion  of f l u i d  globules has been derived i n  reference 40 
t o  be 

where 

PS 
fs  = - 

U 

density of  f l u i d  i n  globule 

density of f l u i d  surrounding globule 

pg 

ps 

0 i n t e r f ac i a l  tension between f l u i d s  

"he term q- is  t h e  basis f o r  t h e  s i m i l a r i t y  l a w  of cap i l l a ry  f l u i d  dy- 
namics where r i s  a cha rac t e r i s t i c  length ( r e f .  28). The higher harmonics of 
o sc i l l a t ion  a re  accounted f o r  by t h e  n terms w i t h  n = 2 corresponding t o  t h e  
simplest mode. For s m a l l  perturbations about t he  spherical  shape, t he  k ine t i c  
energy and f r e e  surface energy can be wr i t ten  or  expanded i n  terms of t he  spheri-  
c a l  radius.  Hence, fo r  t he  present case, t h e  cha rac t e r i s t i c  dimension i s  t h e  ra- 
dius.  

Hansen made a determination of t h e  motion of a column of l i qu id  i n  a tube 
under zero-gravity conditions ( r e f .  30). "he force-balance equation i s  wr i t ten  
as 

where 
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. d tube diameter 

L. p l i qu id  densi ty  

p absolute v iscos i ty  of l i qu id  

Z length of l i qu id  column 

The f i r s t  two terms of t he  l e f t  member are an expansion of t h e  momentum term 
d(mv)/dt 
r i g h t  member i s  t h e  surface-tension force.  
flow ve loc i ty  i i s  

and the  t h i r d  term i s  t h e  viscous force f o r  assumed laminar flow. The 
A solut ion of t h i s  equation f o r  t h e  

where 

t time 

* T pd2/32p 

. Zo i n i t i a l  length of l i qu id  column 

The s igni f icant  r e s u l t  of t h i s  analysis was t h a t  f o r  a given tube s i z e  d 
t h e  ve loc i ty  near ly  approached a constant as observed i n  experiments. 
viscous term i s  neglected, t h e  solut ion for i simplif ies  t o  

If the  

Solving t h i s  equation f o r  Z yields  

If % i s  assumed t o  be zero f o r  convenience because it a f fec t s  Z a t  most by 
a constant, 

z = 2  & 
which i s  a l i n e a r  function i n  time. 

For a given f l u i d  i n  a given tube s i z e ,  t he  l i n e a r i t y  of Z wi-th tkne in-  

1 dica tes  a constant veloci ty ,  proportional t o  t h e  square root of a/pd. 

Examination of t he  equation would indicate t h a t  t he  flow veloci ty ,  Z, can 

' *  
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increase inde f in i t e ly  as d i s  decreased. Physically, with decreasing tube 
s i z e ,  viscous forces  become no longer negl igible  such t h a t  a maximum correspond- 
ing t o  a f i n i t e  tube s i z e  is  obtained. I 

The same equation of motion can be derived d i r e c t l y  by t h e  methods of ana- 
l y t i c a l  dynamics. I n  systems where l i qu id  flowing i n t o  a tube from a reservoi r  
imparts considerable momentum t o  t h e  reservoi r  f l u i d  o r  where flow i s  accompanied 
with f r i c t i o n  and heat t r ans fe r ,  t h e  equation W i l l  be a l t e r e d  considerably from 
t h e  conservative case. 

The s imi l a r i t y  l a w s  generally derived from dimensional considerations de- 
f i n e s  a charac te r i s t ic  time i n  terms of 

T = f ( E )  

where L is a cha rac t e r i s t i c  length (ref. 30). 

If the equation f o r  flow i n  a tube i s  solved f o r  t t o  y i e l d  a "character- - 
i s t i c "  time 7 required t o  f i l l  a given length, Z, 

Dimensionally t h i s  y ie lds  again 

T = f ( @ )  

A s  i n  t h e  equation f o r  t h e  o s c i l l a t i o n  period of a l i q u i d  globule, t he  
length dimension appears t o  t h e  t h i r d  power. The parameter designated by L i n  
t h e  l iqu id  column ana lys is ,  however, i s  ne i ther  d nor Z exclusively. This 
demonstrates t h e  necessity of defining t h e  l i q u i d  behavior i n  terms of a system 
function o r ,  i f  possible, a dimension cha rac t e r i s t i c  of t h e  system function and 
i t s  var ia t ion  along the  path of motion. Unlike homologous models i n  hydrodynm- 
i c s ,  t h e  unconstrained motion of l i qu ids  i n  zero gravi ty  i s  probably not amenable 
t o  analysis by dimensional s i m i l a r i t y  alone. 
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(a )  1-g configuration 
of wetting f lu id .  

( b )  Zero-gravity configuration 
o f  wetting f lu id .  

( e )  1-g configuration 
of nonwett ing f h i d .  

( d )  Zero-gravity configuration 
of nonwet t ing f h i d .  

N g u r e  1. - Dispesit icn of wetti= and nonwetting f l u i d s  i n  1 g and 
zero gravity.  (See ref .  1 2  f o r  discussion of contact angles . )  
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(b) Vessel w a l l  temperature. 

Figure 2. - Acceleration and wall-temperature history of 
9-inch-diameter stainless-steel sphere 34 percent filled 
with liquid hydrogen. 
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C o n t r o l  device  
i n  v e r t i c l e  p o s i t i o n  

0 s e c  T ime  : 
Frame : 

( a )  

C o n t r o l  d e v i c e  
a t  45O 

C o n t r o l  d e v i c e  
a t  90' 

1-1/2 s e c  C-63773 
(f 1 

F i g u r e  4. - C a p i l l a r y  c o n t r o l  d e v i c e  i n  drop- tower  z e r o - g r a v i t y  t e s t  w i t h  e t h y l  a l c o h o l  
as t h e  conta ined  l i q u i d .  
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at  atmospheric pressure. 
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Figure 6. - Aerobee zero-gravity heat-transfer data f o r  liquid hydrogen 
compared with reference data. 
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Figure 8 .  - Zero-gravity-heat-transfer apparatus (Ref. 16). 
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Figure 10. - Liquid hydrogen tempera ture  gradient  i n  9-inch- 
diameter v e s s e l  20 percent  f i l l e d  wi th  l i q u i d  hydrogen. 
Unsymmetrical heat ing;  thermocouple rake l o c a t i o n  shown i n  
f i g u r e  8. 
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Figure 11. - Comparison of ac tua l  pressure r i s e  with calcu- 
l a t e d  pressure rise of a homogeneous mixture for zero- 
gravi ty  experiment with 9-inch-diameter spher ica l  vessel .  
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Side 
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Time from l i f t o f f ,  see 

Figure 12 .  - Wall temperatures of 9-inch-diameter spherical  
vesse l  as a function of zero-gravity time. Uniform heat 
f l ux  about 150 Btu per hour per foot  squared (data  from 
Aerobee Rocket t e s t  ) . 



(a) White spot indicates transfer from nucleate 
to intense boiling. Zero-gravity time, 206 
seconds. 

. 

(c) Wall-drying and boiling areas spread. 
Liquid-vapor interface at wall is stabi- 
lized. Zero-gravity time, 223 seconds. 

(b) Black spot indicates start of wall drying. 
Zero-gravity time, 209 seconds. 

(d) Hydrogen vapor clouds and large dry zone 
form. Zero-gravity time, 253 seconds. 

C-63774 

Figure 13. - Evaluation of wall-drying process for liquid hydrogen in a 9-inch-diameter 
spherical container in zero gravity. 
to right of equator 

(Heat flux to left of equator 250 Btu/(hr)(ft2), 
-1 Btu/(hr) (ft2). 1 
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Figure 14. - Zero-gravity time for  inception of wall drying i n  a hydrogen-liquid-wetted 
9-inch-diamet er spherical vessel. 
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Figure 15. - Wall temperatures of closed spherical vessel  i n  zero gravity with un- 
symmetrical heating. 
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Circumferential position, deg 

Figure 16. - Temperature distribution around equator of unsymmetrically 
heated sphere at 160 seconds after liftoff. 
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. 

Incept ion of w a l l  drying 

Figure 17 .  - Aerobee 9-inch-diameter Dewar tank 
30-percent f i l l e d  with l iquid hydrogen. 
vapor ul lage tangent t o  top  of  vessel .  

Spherical  
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Figure 18. - Calculated var ia t ion  of surface-tension energy 
with wall-drying angle i n  zero gravity.  
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LH 

' heat ing  

( a )  Sphere with l i q u i d  hydrogen 
and rad ian t  heat input with nu- 
c l e a t e  b o i l i n g  a t  w a l l .  Con- 
densation i n  l i q u i d  and a t  
l iquid-vapor i n t e r f a c e .  

( b )  Random movement of u l lage  t o -  
ward v e s s e l  w a l l  t h i n s  l i q u i d  
layer  and r e s u l t s  i n  intense 
boilin:; (more vapor entraimlent ) 
a t  c l o s e s t  point  of u l l a  e t o  
v e s s e l  w a l l .  

t 
( c )  LOW heat capaci ty  i n  t h i n  l i q u i d  

f i lm at intense-boi l ing rc@ion 
forces  evaporation a t  a r a t e  € a s t e r  
than surface- tension forces  can 
c i r c i l l a t e  l i q u i d ,  which r e s u l t s  i n  
a "dry" spot  with a l o c a l  r i s e  i n  
w d i i  terriperature . - - 7  7 

( a )  Large dry a r e a  and increased 
surface- tension forces  increase 
l i q u i d  c i r c u l a t i o n  t o  e l iminate  
intense b o i l i n g  at wet t o  dry 
w a l l  i n t e r f a c e .  The drying 
process has t k m s  been s t a b i l i z e d  
(see f i g .  1 3 ( c )  and (d)). 

I Figure 19.  - Sequence of wall-drying process i n  zero gravi ty .  
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AB Agitation t o  uniform 

AC S t r a t i f i e d  pressure r i s e  
AD Liquid s loshing against  

mixture 

hot w a l l  

Time + 

Figure 20. - Pressure r i s e  i n  a closed vesse l  show- 
ing possible  paths with ag i t a t ion ,  heat addition, 
and sloshing. 
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Figure 21. - Pressure r i s e  resul t ing from sloshing against  
d ry  tank wall. 
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Figure 22. - Possible significance of some zero-gravity e f fec ts  on l i qu id  
hydrogen storage system. 
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Figure 23. - Alcohol contained in a 5-inch-diameter cylindrical 
tank with a capillary control t u b e  in zero-gravity free-fall 
experiment. Exposure 
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(a) Configuration sketch showing 
campletely wetted walls 

C-63776 

a - b 2-1/2 g p u l l u p  
c - i decreasing gravity 
j - s near zero gravity 
t start pullout maneuver 

Figure 24. - Alcohol in a 5-inch-diameter 50-percent filled cylindrical 
tank with and without capillary control tube; filmed at one second 
intervals during zero-gravity airplane maneuver(B.ef. 351. 
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P-+U 
(a) (b ) ( c )  ( d )  Configuration ske tch  showing 

p a r t i a l l y  wetted wal l s  

(r) (.I (t) (v) (9) 
B - d 2-1,/2 g pullup c-63777 

V s t a r t  pu l lout  maneuver 

e - m decreasing gravity 
n - u near zero gravity 

Figure 2 5 .  - Weightlessness behavior of alcohol contained i n  a 5-inch-model 50- filmed 
pe rcen t - f i l l ed  cy l ind r i ca l  tank with and without c a p i l l a r y  cont ro l  tube; 
a t  one-second In t e rva l s  during maneuver (Ref. 35). 
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( a )  N o  l i g h t  r e f l e c t i o n  i n  c o n t r o l  dev ice  
i n d i c a t e s  i t  i s  n e a r l y  empty of l i q u i d  
hydrogen a t  s tar t  of z e r o - g r a v i t y  p e r i o d .  

( b )  S u r f a c e  r e f l e c t i o n  a t  r i g h t  i n  c o n t r o l  
d e v i c e  i n d i c a t e s  i t  i s  p a r t l y  f i l l e d  w i t h  
l i q u i d  hydrogen a f t e r  48  seconds of z e r o  
g r a v i t y .  

( c )  S u r f a c e  r e f l e c t i o n  over  e n t i r e  a r e a  i n  
c o n t r o l  d e v i c e  i n d i c a t e s  i t  i s  n e a r l y  
f i l l e d ,  a f t e r  1 9 4  seconds of z e r o  g r a v i t y .  

F i g u r e  26 .  - Top view through camera l e n s  of 9- inch-diameter  s p h e r e  w i t h  3-1/4-inch- 
diameter  by 3.8-inch c y l i n d r i c a l  c o n t r o l  d e v i c e  l o c a t e d  abou t  30' from bottom of 
sphe re .  F i l l e d  20 p e r c e n t  w i t h  l i q u i d  hydrogen (see f i g .  8 . ) .  
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1 . 9  sec 2 . 1  sec 
(i 1 (ii 1 

2.2 sec 
(k 1 

F i g m e  27. - Drop-tower zero-graTity t e s t  of l i q u i d  discharge from 
1 2 5 - m i l l i l i t e r  cone f i l l e d  90 percent with e t h y l  alcohol.  
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Figure 28. - Drop-tower zero-gravity t e s t  of l i q u i d  discharge from 100-mi l l i l i t e r  sphere 
with cap i l l a ry  cont ro l  device. Sphere 20 percent f i l l e d  k t h  e t h y l  alcohol.  
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Figure 29. - Drop-tower zero-gravity t e s t  of 30-percent f i l l e d  model tank 
(discharge t i m e  scaled t o  10-foot-diameter tank, ref. 41) showing vapor p u l l -  
through during outflow. Outlet velocity, 11 f e e t  per second. 
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